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Podocytes, which are susceptible to injury by various stimuli and stress, are critical regulators of
proteinuric kidney diseases, regardless of the primary disease and pathogenesis. We further confirmed a
significant correlation between urinary CD147/basigin (Bsg) levels and proteinuria in patients with
focal segmental glomerulosclerosis. However, the molecular mechanism of podocyte injury involving
Bsg is not fully understood. Here, the involvement of Bsg in the pathogenesis of podocyte injury was
elucidated. Healthy podocytes rarely express Bsg protein. In two independent mouse models, including
adriamycin-induced nephropathy and Nu-nitro-L-arginine methyl ester (L-name)-induced endothelial
dysfunction, Bsg induction in injured podocytes caused podocyte effacement, which led to development
of proteinuria. Bsg silencing in cultured podocytes exposed to transforming growth factor-b suppressed
focal adhesion rearrangement and cellular motility via the activation of b1 integrinefocal adhesion
kinaseematrix metallopeptidase signaling. In addition, induction of vascular endothelial growth factor
and endothelin-1, which are implicated in podocyte-to-endothelial cross-communication, was lower in
the supernatants of cultured Bsg-silenced podocytes stimulated with transforming growth factor-b. In
this setting, Bsg may be involved in a physiological positive feedback loop that accelerates podocyte
cell motility and depolarization. The current study thus suggests that Bsg silencing via suppression of
b1 integrinefocal adhesion kinaseematrix metallopeptidase signaling may be an attractive therapeutic
strategy for the maintenance of podocytes in patients with proteinuric kidney diseases. (Am J Pathol
2019, 189: 1338e1350; https://doi.org/10.1016/j.ajpath.2019.04.003)
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Proteinuria, the clinical manifestation of glomerular filtration
barrier dysfunction, is a critical determinant of the progres-
sion of chronic kidney disease and cardiovascular
diseases.1e4 Podocytes contribute to the maintenance of an
adequate intracapillary environment by molecular signaling
crosstalk with glomerular endothelial cells and the extracel-
lular matrix.5,6 In particular, precise regulation of vascular
endothelial growth factor (VEGF) derived from podocytes is
essential for maintenance of endothelial function. The
extracellular matrix serves as a storage compartment for
signaling molecules that maintain a healthy glomerular bal-
ance. Matrix metalloproteinases (MMPs) promote disruption
of the glomerular basement membrane (GBM), turnover of
stigative Pathology. Published by Elsevier Inc
extracellular matrix, and disruption of podocyte integrity.7e9

When intraglomerular homeostasis is disrupted, the skewed
profile of cytokine expression causes loss of the size/charge
selectivity of glomerular filtration, leading to development
of persistent proteinuria. Therefore, further identification of
these regulators, as well as an enhanced understanding of
. All rights reserved.
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Table 1 Clinical Characteristics of Patients with FSGS

Clinical characteristics FSGS (N Z 95) Pathologic control (N Z 23)

Sex, male, % 54.7 39.1
BMI, kg/m2 19.8 � 5.1 17.6 � 5.5
Systolic BP, mm Hg 137 � 18.3 117 � 20.4
Diastolic BP, mm Hg 80 � 13.0 69 � 12.4
eGFR, mL/min/1.73 m2 64.2 � 22.5 89.0 � 24.8
UP/urine Cr 3.35 � 3.06 0.10 � 0.15
Hb, mg/dL 13.5 � 2.14 13.9 � 1.71

Data are expressed as means � SD.
BMI, body mass index; BP, blood pressure; Cr, creatinine; eGFR, estimated glomerular filtration rate; FSGS, focal segmental glomerulosclerosis; Hb, he-

moglobin; UP, urine protein.

CD147/Basigin in Proteinuria
already established signaling, is required for therapeutic
intervention in patients with proteinuric kidney diseases.

Bsg encodes CD147/basigin (Bsg), which is an extracel-
lular MMP inducer and a highly glycosylated, trans-
membrane, immunoglobulin superfamily member protein.10

Bsg is expressed in many cell types, such as hematopoietic,
epithelial, and endothelial cells, and is critically important in
processes such as invasion by cancer cells, spermatogenesis,
viral infection, and immune system regulation.11e15 Gener-
ation of Bsg-deficient mice (Bsg�/�) in our laboratory16,17

showed that Bsg induces cytokine production and regulates
neutrophil and macrophage migration in models of ischemic
renal injury and renal fibrosis.18,19 In addition to a role in
eliciting chemotactic activity, Bsg also serves as a negative
immunemodulator in IL-17eproducing T-cell differentiation
in lupus nephritis.20 In a series of clinical studies,21e23 a
striking increase in Bsg in the circulating blood and urine was
observed in patients with acute kidney injury, lupus nephritis,
and persistent kidney diseases with proteinuria. Regardless of
the primary kidney disease or pathogenesis, a significant
relationship between proteinuria and urinary CD147/Bsg
levels was observed in proteinuric kidney diseases. However,
the involvement of Bsg in the molecular mechanism of pro-
teinuric kidney diseases has not yet been elucidated in detail.

In accordance with previous reports, Bsg is involved in the
production of VEGF, MMPs, and hyaluronan, and in the
interaction with b1 integrin, all of which increase our under-
standing of the complex scenario regarding glomerular filtra-
tion barrier dysfunction.24e27 In this study, we focused on Bsg
functions in proteinuric kidney diseases induced by doxoru-
bicin hydrochloride (ADR) orNu-nitro-L-argininemethyl ester
(L-name). It was then investigated whether Bsg deficiency
reduced podocyte cell motility by inhibiting focal adhesion
turnover, thereby preventing the development of proteinuria.
Materials and Methods

Patients and Procedures

From 2008 to 2014 at Nagoya University and affiliated
hospitals, 95 adults who underwent a kidney biopsy as part
of standard of care for the differential diagnosis of various
renal diseases (52 males; 43 females) were enrolled. These
The American Journal of Pathology - ajp.amjpathol.org
95 patients received a final diagnosis of focal segmental
glomerulosclerosis (FSGS) because they satisfied the criteria
of the Kidney Disease Improving Global Outcomes guide-
lines. Patients diagnosed with cancer, severe infections, and
other renal disorders were excluded. Patients underwent
biopsy before any medical treatment began. Also, between
2008 and 2014, 23 pathologic control patients (9 males; 14
females) with only microhematuria or minimal proteinuria,
which are not classified as kidney diseases according to
clinical and pathologic criteria, were enrolled. All proced-
ures were performed as described previously.23

This study was conducted as stated by the principles of
the Declaration of Helsinki, the Japanese National Ethical
Guidelines (approval number 1135), and the institutional
review boards of Nagoya University Hospital and affiliated
hospitals. Before participating in the study, each patient
provided written informed consent.

Animals and Experimental Design

Mice deficient in Bsg (Bsg�/�) were rarely born following
ordinary mating, and thus, a protocol was established for
producing sufficient numbers of pups.16 Bsgþ/� mice on the
129/SV background were backcrossed with C57BL/6J mice
to produce F1 hybrid offspring (reverse F1 hybrid). By
intercrossing these mice, mixed reverse F2 mice were
generated and used in this study. For the adriamycin model,
8- to 12-weekeold male mice weighing 25 to 30 g were
administered a single intravenous injection of ADR (Wako
Pure Chemical, Osaka, Japan) at a dosage of 16 mg/kg body
weight.28 An equal volume of 0.9% saline was injected into
mice as a control. Mice were sacrificed 2 weeks after
treatment. For the L-name model, 8- to 12-weekeold male
mice weighing 20 to 30 g were given 1 mg/mL L-name
(Sigma-Aldrich, St. Louis, MO) in their drinking water for
12 weeks29 and then sacrificed. Blood and urine samples
and kidneys were removed for examination. Serum creati-
nine (Cr), the ratio of albumin to Cr in urine, and systolic
blood pressure were measured as described previously.30,31

Plasma and urinary Bsg levels were measured using com-
mercial enzyme-linked immunosorbent assay kits according
to the respective instructions from the manufacturers (R&D
Systems, Minneapolis, MN). Measured levels in urine were
1339
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CD147/Basigin in Proteinuria
then normalized to urinary Cr levels. All experiments with
mice were conducted as specified by the animal experi-
mentation guidelines of Nagoya University School of
Medicine.

Renal Histology

Kidneys were incubated in 10% formalin, embedded in
paraffin, and then sectioned at a thickness of 1 mm (periodic
acid-Schiff reagent staining) or 4mm(immunohistochemistry).
The sections were stained with mouse monoclonal anti-human
CD147 antibody (Ab; Abcam, Cambridge, MA), rabbit
monoclonal anti-human b1 integrin Ab (Abcam), goat anti-
mouse Bsg Ab (R&D Systems), and rabbit anti-mouse WT-1
Ab (Santa Cruz Biotechnology, Dallas, TX), followed by
detection using a peroxidase-conjugated secondary antibody
(Nichirei, Tokyo, Japan). The staining was visualized with
3,30-diaminobenzidine (Dako, Carpinteria, CA), which pro-
duces a brown color. Podocytes positive for WT-1 were
counted by examining all glomeruli of the cortex under a mi-
croscope at highmagnification.Quantitationwas performed by
two experts (T.M. and K.M.) in nephropathology who were
blinded to the experimental conditions.

For transmission electron microscopic analysis, kidneys
were fixed in formalin, embedded in epoxy resin, sectioned,
and then stained with uranyl acetate and lead citrate. As
described by Koop et al,32 the total length of the GBM and
the number of slit pores were evaluated in the free capillary
wall, and then the average foot process width was examined
by calculating the ratio of the total length of the GBM to the
total number of slits.

In Situ Hybridization

The mice were perfused and fixed with G-Fix (GenoStaff Co.,
Tokyo, Japan), and kidneys were dissected, embedded in
paraffin with G-Nox (GenoStaff Co.), and then sectioned at 8
mm. Paraffin-embedded sections were hybridized with sense
(https://www.ncbi.nlm.nih.gov/nuccore; accession number
NM_009768.2) and antisense Bsg probes. In situ
hybridization was performed with the ISH Reagent kit
according to the manufacturer’s instructions (GenoStaff Co.).
The sections were incubated with anti-digoxygenin alkaline
phosphatase conjugate (Roche Diagnostics, Mannheim,
Germany), and color reactions were developed with NBT/
BCIP solution (Sigma-Aldrich). For immunostaining as the
second stain, the sections were incubated with rabbit anti-
Figure 1 CD147/basigin expression in patients with focal segmental glomerul
CD147/basigin (B) values in individual patients and median values. C: Correlatio
line, coefficient of determination (R2), and P value are shown. DeG: Correlation b
basigin values. Correlation between estimated glomerular filtration rate (eGFR)
approximation lines, coefficients of determination (R2), and P values are shown. H:
and immunohistochemical staining of CD147 expression in the glomeruli and tub
indicate CD147-positive cells. I: Representative images of b1 integrin and CD147 ex
expression; arrowheads indicate CD147-positive podocytes. n Z 95 (A and B,
100 mm.
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mouse WT-1 Ab and incubated with biotin-conjugated goat
anti-rabbit IgG (Dako), followed by addition of peroxidase-
conjugated streptavidin (Nichirei). Peroxidase activity was
visualized with 3,30-diaminobenzidine.

Real-Time PCR

Mouse glomeruli were dissected from frozen renal sections
using the LMD CM 1950 system (Leica Biosystems, Nus-
sloch, Germany).33 The RNeasy Micro Kit (Qiagen, Hilden,
Germany) was used to isolate total RNA from these samples.
Real-time PCR was conducted using the Applied Biosystems
Prism 7500HT sequence detection system and TaqMan gene
expression assays (Applied Biosystems, Foster City, CA). The
TaqMan probes and primers were: Bsg (Mm01144228_g1),
endothelin (ET)-1 (Edn1: Mm0043656_m1), transforming
growth factor (TGF)-b (Tgfb1: Mm01178820_m1), and
glyceraldehyde 3-phosphate dehydrogenase (Gapdh:
Mm99999915_g1). Applied Biosystems Sequence Detection
software version 1.3.1 was used for analysis.

Western Blot Analysis

Mouse renal tissues and podocytes grown in vitrowere lyzed in
radioimmunoprecipitation assay buffer (Santa Cruz Biotech-
nology). Western blot analysis was conducted as described.34

After separation of proteins and transfer to membranes, the
membranes were incubated with goat anti-mouse nephrin Ab
(R&D Systems), goat anti-human Bsg Ab, mouse anti-human
focal adhesion kinase (FAK) Ab (BD Biosciences, San
Diego, CA), and mouse anti-human cellular fibronectin (FN)
Ab (Abcam). Membranes were washed and incubated with
peroxidase-conjugated anti-goat IgG, mouse IgG, or rabbit IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA). An
enhanced chemiluminescence detection system (GE Health-
care, Buckinghamshire, UK) was used to visualize Ab-bound
proteins. The density of each band was quantitated using
ImageJ software version 1.48 (NIH, Bethesda, MD; https://
imagej.nih.gov/ij).

Cell Culture

Conditionally immortalized human podocytes obtained
from Prof. Richard J. Johnson at the University of Colorado
were maintained as described previously.35 Cells were
incubated at 37�C for 7 days to induce differentiation and
then transfected using lipofectamine (Thermo Fisher
osclerosis (FSGS). Scatter plots display the data for plasma (A) and urinary
n between plasma and urinary CD147/basigin levels. Linear approximation
etween proteinuria and plasma (D), and proteinuria and urinary (E) CD147/
and plasma (F), and eGFR and urinary (G) CD147/basigin levels. Linear
Representative periodic acid-Schiff reagent (PAS) staining in the glomeruli,
ulointerstitium of patients with FSGS and in a pathological control. Arrows
pression in serial sections from an FSGS patient. Arrows indicate b1 integrin
FSGS); n Z 23 (A and B, pathological controls). **P < 0.01. Scale bars:
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CD147/Basigin in Proteinuria
Scientific, Waltham, MA) with siRNA for BSG (GE
Healthcare) or negative control siRNA. After 3 days of
transfection, the medium was changed to fresh RPMI 1640
medium (Thermo Fisher Scientific) containing 5 ng/mL
recombinant TGF-b (R&D Systems) for 0, 12, 24, 36, or 48
hours in the time-course study. The total experimental
period from the start of transfection to the end of stimulation
was 120 hours. Supernatants from cultured podocytes were
collected after the different times, and the ET-1 and VEGF
levels were measured using an enzyme-linked immunosor-
bent assay kit according to the manufacturer’s instructions
(R&D Systems).

Flow Cytometry Analysis

Isolated immortalized human podocytes were stained for
flow cytometry with the following Abs: mouse anti-human
b1 integrin (BD Biosciences, Piscataway, NJ) or mouse IgG
(BD Biosciences), followed by AF488-conjugated goat anti-
mouse IgG1 (Thermo Fisher Scientific). 7AAD (BioLegend,
San Diego, CA) was added before flow cytometry to label
dead cells. All flow cytometry data were acquired on a BD
Canto II (Becton, Dickinson and Company, Franklin Lakes,
NJ) and analyzed with FlowJo software version 10 (Tree
Star, Ashland, OR).

Migration Assay

Cell culture inserts with a pore size of 8 mm (BD Bio-
sciences, Franklin Lakes, NJ) were placed in the lower
compartment, and RPMI 1640 was added. Podocytes
(7 � 103) transfected with negative control siRNA or BSG
siRNA were placed in 24-well inserts and incubated for 10
hours at 37�C to allow migration. Cells that had not
migrated were removed from the upper membrane. The
number of cells that had migrated were counted in the
middle of the membrane.

Wound Healing Assay

For each experiment, 2.5 � 104 podocytes treated with or
without siRNA for BSG were seeded overnight on FN-
Figure 2 Bsg deficiency ameliorates podocyte injury in doxorubicin hydrochlor
the glomeruli of healthy mice, using in situ hybridization (left panel). Double stain
with immunostaining (right panel). Colocalization of Bsg (black arrows) and W
albuminuria-to-creatinine ratio in Bsgþ/þ and Bsg-deficient (Bsg�/�) mice after A
Correlations between the urinary albumin-creatinine ratio and Bsg levels (left pa
panel) in ADR-treated Bsgþ/þ mice. D: Representative images of periodic acid-Sch
mice. Arrows, podocyte swelling. E: Immunostaining for Bsg protein in the glom
positive areas. F: Glomerular Bsg mRNA expression in ADR-treated mice. G: Imm
cells. H: Evaluation of the rate of decline in WT-1epositive cells in the glomeruli
Nephrin expression in the kidneys at 14 days after ADR treatment as determined
normalization to b-actin. K: Electron micrograph showing the development of foo
process width. M: Endothelin (ET)-1 and transforming growth factor (TGF)-b mRN
means � SEM (B, F, H, J, L, and M). n Z 9 to 11 (C); n Z 7 to 11 (F, H, J, L, and
left panels); 0.5 mm (K, right panels). IHC, immunohistochemistry; ISH, in situ
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coated coverslips in 96-well plates. Each well was then
scratched with an IncuCyte wound maker (Essen BioSci-
ence, Ann Arbor, MI) and washed with phosphate-buffered
saline, and then fresh medium was added. At 10 hours after
scratching, the numbers of cells that had migrated into the
same-sized square fields were counted.

Gelatin Zymography

Gelatin zymography19 was performed with the same amount
of conditioned medium from 2.0 � 104 podocytes treated
with or without siRNA for BSG on 30-mm plastic dishes to
assess MMP-mediated proteolytic activity. Samples of
condition medium were loaded onto a 10% gelatin zymo-
gram protein gel (Thermo Fisher Scientific). Proteins were
separated with electrophoresis, and then the gel was treated
with 2.5% Triton X-100 at room temperature for 30 minutes
with gentle shaking, followed by incubation at 37�C for 24
hours in buffer containing calcium chloride Tris-HCl for
development. The gel was stained with Coomassie Blue,
and the density of the bands was quantitated with ImageJ
software version 1.48 (NIH).

Statistical Analysis

Data are the means � SEM. For single comparisons, the
unpaired t-test or the nonparametric U-test was used. For
multiple comparisons, analysis of variance was used, fol-
lowed by post hoc least significant difference tests if the initial
analysis of variance was significant. Spearman correlation
coefficients were calculated to determine the strength of the
association between two variables. P < 0.05 was considered
statistically significant.

Results

Clinicopathological Characteristics of Patients with
FSGS

Proteinuria in 28 patients with FSGS showed a significant
correlation with urinary CD147/Bsg levels, but not plasma
CD147/Bsg values.23 Because the previous study was small,
95 patients with FSGS were enrolled in the present study.
ide (ADR)-treated mice. A: Representative images of Bsg mRNA expression in
ing for Bsg mRNA expression with in situ hybridization and WT-1 expression
T-1 expression (white arrows) in “healthy” glomeruli. B: Time course of
DR treatment. Closed circles, Bsgþ/þ mice; open circles: Bsg�/� mice. C:
nel), and the urinary albumin/creatinine ratio and serum Bsg levels (right
iff reagentestained glomeruli at 14 days in ADR-treated Bsgþ/þ and Bsg�/�

eruli of “healthy” or ADR-treated wild-type (Bsgþ/þ) mice. Black arrows,
unohistochemistry for WT-1 expression. Black arrowheads, WT-1epositive
of ADR-treated mice. Black bars, Bsgþ/þ mice; white bars, Bsg�/� mice. I:
by Western blot analysis. J: The intensities of the nephrin bands following
t process effacement in ADR-treated Bsgþ/þ mice. L: Quantification of foot
A expression in the glomeruli of ADR-treated mice. Data are expressed as
M). *P < 0.05, **P < 0.01. Scale bars: 50 mm (A, D, E, and G); 5.0 mm (K,
hybridization.
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Table 2 General Characteristics of ADR-Treated Mice

General characteristics

Control mice ADR mice

Bsgþ/þ Bsg�/� Bsgþ/þ Bsg�/�

Body weight, day 0, g 27.7 � 1.0 28.6 � 0.6 27.4 � 0.5 27.5 � 0.6
Body weight, day 14, g 29.1 � 0.8 30.1 � 0.3 28.1 � 0.9 25.8 � 0.9
Kidney weight/body weight, % 0.69 � 0.04 0.90 � 0.01 0.77 � 0.02 0.87 � 0.04
Serum Cr, mg/dL 0.16 � 0.01 0.13 � 0.01 0.19 � 0.02 0.15 � 0.01
Serum albumin, mg/dL 3.30 � 0.12 3.42 � 0.06 3.00 � 0.16 3.31 � 0.13

Data are expressed as means � SEM.
ADR, doxorubicin hydrochloride; Cr, creatinine.

Yoshioka et al
Their characteristics are summarized in Table 1. All partici-
pants were Japanese, and slightly more than half (54.7%)
were male. Both plasma and urinary CD147/Bsg levels were
almost twice those of pathologic control patients (Figure 1, A
and B). A close relationship between plasma and urinary
CD147/Bsg levels was observed (Figure 1C). Of note, both
CD147/Bsg values were closely correlated with proteinuria,
but the association with the estimated glomerular filtration
rate was lower (Figure 1, DeG). These data suggest that
plasma and urinary CD147/Bsg levels may not be strongly
affected by glomerular filtration function. Immunohisto-
chemical staining of kidney sections from patients with FSGS
showed CD147/Bsg protein expression in the glomeruli as
well as infiltrating inflammatory cells in the interstitium, but
no CD147/Bsg expression in the glomeruli of pathologic
controls (Figure 1H). Following staining of serial sections, b1
integrin and Bsg expression was observed in injured podo-
cytes including adhesions to the Bowman capsule (Figure 1I).
Bsg Deficiency Ameliorates the Development of
Proteinuria and Podocyte Injury in ADR-Treated Mice

Previously, Bsg protein expression was not detected in the
glomeruli of kidney sections from nontreated mice.22 In the
present study, BsgmRNA expression was observed within the
glomeruli as well as the tubular epithelium and vascular
endothelium with in situ hybridization (data not shown).
PodocyteBsg expressionwas determined in vivo by co-labeling
with Bsg and WT-1, a podocyte cell marker. Bsg mRNA
expression was colocalized with WT-1 protein expression by
immunohistochemistry in normal podocytes (Figure 2A).

To investigate the role of Bsg in the pathogenesis of pro-
teinuric kidney diseases, the degree of glomerular injury was
evaluated in Bsgþ/þ and Bsg�/� mice at 14 days after ADR
treatment. ADR-treated Bsgþ/þ mice tended to show a worse
kidney function compared with Bsg�/� mice, but the differ-
ences were not significant (Table 2). Until 14 days after ADR
injection, albuminuria was gradually greater in Bsgþ/þ mice
than in Bsg�/� mice (Figure 2B). Similar to the profile of
patients with FSGS, plasma and urinary Bsg levels showed a
significant association with albuminuria (Figure 2C). In
addition, Bsgþ/þ mice with proteinuria appeared to show
1344
segmental abnormalities in glomerular architecture and
podocyte swelling (Figure 2D). No obvious differences be-
tween Bsgþ/þ and Bsg�/� mice were observed in the tubu-
lointerstitium (data not shown). Healthy podocytes rarely
expressed Bsg protein, but they began to express Bsg in the
glomerulus upon activation by ADR (Figure 2E). BsgmRNA
expression was also increased in the glomerulus of ADR-
treated mice (Figure 2F). The number of macrophages that
infiltrated into the glomerulus appeared to be augmented in
Bsgþ/þ mice (data not shown).
Bsg deficiency prevented the decline in the number of WT-

1epositive cells and down-regulation of nephrin expression in
the kidneys (Figure 2, GeJ). In support of these findings,
electron microscopy of the glomerular ultrastructure revealed
that foot process effacement outside the GBM was present in
Bsg�/�mice to a lesser extent than inBsgþ/þmice (Figure 2, K
and L). Adequate barrier function in theGBM ismaintained by
vasoactive factors such as VEGF and ET-1 produced by
podocytes.5 Glomerular ET-1 (EDN1) mRNA expression
increased in Bsgþ/þ mice, consistent with the profile of pro-
teinuria and podocyte injury (Figure 2M). These results sug-
gest that Bsg deficiency suppressed the degree of glomerular
injury, which leads to the development of proteinuria in ADR-
treated mice.
Albuminuria Is Also Suppressed in L-nameeTreated
Bsg�/� Mice

Further experimentswere performed to determinewhether Bsg
deficiency ameliorates podocyte injury and albuminuria in
anothermousemodel representing endothelial dysfunction and
hypertension. Bsg depletion in a novel model of glomerular
sclerosis induced by L-name, a nitric oxide synthase inhibitor,
attenuated the progression of albuminuria (Figure 3A).
Although systolic blood pressure in Bsgþ/þ and Bsg�/� mice
increased during the experimental period, no significant dif-
ferences between the two genotypes were observed until 8
weeks after treatment (Figure 3B). At 12 weeks after L-name
treatment, blood pressure in Bsg�/� mice was slightly lower
than that in Bsgþ/þ mice. The glomeruli of both Bsg�/� and
Bsgþ/þ mice showed endothelial dysfunction as reported
previously.36,37 The degrees of podocyte injury and glomerular
ajp.amjpathol.org - The American Journal of Pathology
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sclerosis were suppressed in Bsg�/� mice consistent with the
profile of albuminuria (Figure 3, A, CeF).

Podocytes with Silenced Bsg Show Suppression of FAK
Activation and Cell Motility

Podocyte cell spreading and migration are required for the
development of proteinuria and focal adhesion in
The American Journal of Pathology - ajp.amjpathol.org
glomerular architecture.2,38 Therefore, in cultured mouse
podocytes with silenced Bsg, b1 integrin and phosphory-
lated FAK expression was evaluated because these pro-
teins play an integral role in cell movement secondary to
focal adhesion turnover.39,40 The expression of Bsg in
cultured podocytes transfected with BSG siRNA was
gradually reduced in a time-dependent manner
(Figure 4A).
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Figure 4 Basigin silencing inhibits directional
podocyte movement via focal adhesion kinase
phosphorylation (p-FAK). A: Time course of Bsg
expression in podocytes transfected with control
or BSG siRNA as seen with Western blot analysis.
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transfected with control or BSG siRNA after 5 ng/
mL TGF-b stimulation was determined with flow
cytometry. C: Western blot analysis indicates the
time course of p-FAK (Y397) in podocyte cells
transfected with control or BSG siRNA after 5 ng/
mL TGF-b stimulation. D: The intensity of p-FAK
bands was normalized to total FAK. Black bars
represent control podocytes; gray bars represent
BSG siRNAetransfected podocytes. E: Represen-
tative images of migrated podocyte cells exposed
to TGF-b for 10 hours in the migration assay. F:
Quantitative analysis of the number of migrated
cells. G: Representative images from the wound
healing assay. White dashed lines indicate the
periphery of the scratch areas. H: Quantification of
the results in G. Data are expressed as
means � SEM (B, D, F, and H). nZ 3 (B, C, and F,
independent experiments); n Z 5 (D, indepen-
dent experiments). *P < 0.05, **P < 0.01. Scale
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TGF-b plays a critical role in the pathogenesis of glomer-
ular sclerosis. An in vivo study showed no obvious difference
between Bsg�/� and Bsgþ/þ mice in glomerular TGF-b
expression (Figure 2M). After transfection with BSG siRNA,
b1 integrin expression and FAK phosphorylation were sup-
pressed in BSG-silenced podocytes stimulated with 5 ng/mL
TGF-b compared with control transfected cells (Figure 4,
BeD). To further clarify podocyte migration, podocytes
transfected with control siRNA or BSG siRNA were seeded
onto the insert filters, and the cells were exposed to 5 ng/mL
TGF-b. Podocyte migration in response to TGF-b was
significantly blocked by BSG silencing (Figure 4, E and F).
The experiment of podocyte migration was expanded by
performing a wound-healing assay, and the number of cells
1346
that migrated into the scratched area were calculated. BSG
silencing and exposure to TGF-b appeared to inhibit direc-
tional podocyte movement to fill the wound compared with
control podocytes (Figure 4, G and H).

The Transition of Cytokines Involved in
Intraglomerular Homeostasis

In this setting, a variety of cytokines and chemokines that
podocytes produce are involved in the pathogenesis of
proteinuria leading to progressive glomerular sclerosis. The
expression of VEGF and ET-1, which are implicated in
podocyte-to-endothelial cross-communication, was exam-
ined in the presence or absence of Bsg. Induction of VEGF
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Basigin silencing in podocytes con-
tributes to suppression of several cytokines for
disruption of intraglomerular homeostasis
following transforming growth factor (TGF)eb
stimulation. Time course of induction of endo-
thelin (ET)e1 (A) and vascular endothelial growth
factor (VEGF)eA (B) in the supernatants of
cultured podocyte cells transfected with control or
BSG siRNA after exposure to 5 ng/mL TGF-b. Black
bars, control podocytes; gray bars, BSG siRNAe
transfected podocytes. C: Zymographic analysis
demonstrates matrix metalloproteinase (MMP)e2
activity in the culture medium of podocytes
treated with control and BSG siRNA following TGF-
b stimulation. D: The intensity of active MMP-2
bands. E: Representative Western blot analysis of
fibronectin expression in cultured podocytes. F:
The intensity of fibronectin bands normalized to
b-actin. Data are expressed as means � SEM (A, B,
D, and F). n Z 3 (F); n Z 4 (D, independent
experiments); n Z 5 (A and B, independent ex-
periments). *P < 0.05, **P < 0.01.
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and ET-1 expression was lower in the supernatants of
cultured Bsg-silenced podocytes exposed to TGF-b
(Figure 5, A and B).

MMP-2 promotes disruption of the GBM and interruption
of podocyte integrity. Bsg silencing after exposure to TGF-b
activated MMP-2 to a lesser degree than in control cells that
expressed Bsg (Figure 5, C and D). In addition to MMPs,
FN is involved in podocyte dedifferentiation and integrin-
linked kinase-mediated cross-communication with the
GBM.41 Similar to the profile of the above cytokines,
cellular FN expression was less marked in Bsg-silenced
cultured podocytes versus control cells (Figure 5, E and F).
Discussion

Podocyte injury is caused by maladaptation to various types
of stress including mechanical stress, oxidative stress, and
biochemical responses, followed by the spread of injury to
unique cellular components of glomerular filtration units.38

Glomerular endothelial dysfunction also causes podocyte
injury by disruption of cross-communication.5 According to
prior and present clinical studies, healthy podocytes rarely
express Bsg protein, but they begin to express Bsg upon
The American Journal of Pathology - ajp.amjpathol.org
activation (Figure 2E). Both urinary and plasma levels of
CD147/Bsg showed a closer association with proteinuria in
patients with podocytopathy, suggesting that CD147/Bsg
induction may be a common feature in human proteinuric
kidney diseases. It was therefore assessed how Bsg may be
involved in the development of proteinuria. In the present
in vivo study using two independent rodent models
including ADR-induced nephropathy and L-nameeinduced
endothelial dysfunction, Bsg expressed in injured podocytes
was shown to cause podocyte effacement, leading to pro-
teinuria and podocyte injury. Bsg silencing in cultured
podocytes suppressed cellular motility and focal adhesion
rearrangement via the activation of b1 integrineFAK
signaling. However, Bsg silencing in glomerular endothe-
lial cells did not affect several molecules related to the
maintenance of intraglomerular homeostasis such as VEGF
receptor 1 and 2 (data not shown). The collective data
supported the idea that CD147/Bsg in podocytes may be a
critical molecule in proteinuric kidney diseases.

Activation of b1 integrineFAK signaling causes disrup-
tion of cellesubstrate interactions between podocytes and
the GBM because of cellular retraction and movement.39,40

Indeed, up-regulation of b1 integrin expression was found in
the early phase of diabetic kidney disease.42 A redistribution
1347

http://ajp.amjpathol.org


Basigin

FAK

MMP-2

Disruption of GBM
ECM turnover

Podocyte movement
Foot process effacement

TGF-

ET-1 
VEGF

Endothelial 
cell

Mesangial
cell

Podocyte

Glomerular 
homeostasis

Figure 6 Schematic diagram showing the possible relationship between
basigin and podocyte injury, which disrupts maintenance of intra-
glomerular homeostasis. ECM, extracellular matrix; ET-1, endothelin-1; FAK,
focal adhesion kinase; GBM, glomerular basement membrane; MMP, matrix
metalloproteinase; TGF-b, transforming growth factor beta; VEGF, vascular
endothelial growth factor.

Yoshioka et al
of b1 integrin leading to impaired adhesion may be involved
in the pathogenesis of podocytopathy.43 An elegant study by
Ma and colleagues demonstrated that inhibition of podocyte
FAK ameliorates the development of proteinuria and foot
process effacement. In addition, FAK activation activates
MMPs.44,45 The in vitro study also demonstrated a benefi-
cial effect of Bsg silencing through suppression of b1
integrin and FAK activation in the presence of TGF-b
stimulation. Mesenchymal molecules such as MMP-2 and
FN in cultured podocytes were reduced by Bsg silencing,
similar to the profile of phosphorylated FAK, suggesting
that Bsg may participate in a phenotypic conversion during
podocyte injury that is characterized by defects in epithelial
features. During the process of carcinoma metastasis, Bsg
interacts with b1 integrin and then activates downstream
FAK/PI3K signaling.27 In this setting, interestingly, depo-
larization of the epithelium appears to be caused by Bsg.46

The function of Bsg in hepatocellular carcinoma progress
may be partially related to the spread of podocyte injury.
Some investigators have documented that podocytes un-
dergo a phenotypic transition after injury.41,47 Considering
that MMPs activate TGF-b and that Bsg is a strong inducer
of MMPs,19,48 a molecular circuit may be present for
podocyte injury that includes signaling molecules such as
Bsg, TGF-b, b1 integrin, FAK, MMPs, and FN. The mo-
lecular details by which Bsg induces mesenchymal transi-
tion in podocytes require further elucidation. In support of
these data and consistent with previous reports, Bsg plays a
deleterious role in podocyte injury by activating FAK-MMP
signaling in proteinuric kidney diseases.

Growing evidence supports the idea that signaling mole-
cules mediate the maintenance of intraglomerular function in
an autocrine or paracrine manner. Inappropriate regulation of
VEGF and ET-1 derived from podocytes can lead to
1348
endothelial dysfunction, including endothelial cell swelling
and loss of the glycocalyx.5,6,38 Indeed, ET-1 release from
podocytes causes mitochondrial dysfunction in adjacent
endothelial cells and eventually results in the exacerbation of
podocyte apoptosis and albuminuria.49 In the present study,
both expression of VEGF and ET-1 was higher in cultured
podocytes without Bsg silenced that were treated with TGF-b.
Glomerular endothelial injury precedes podocyte apoptosis in
endothelial nitric oxide synthaseedeficient mice,50 which
show similar characteristics to L-nameetreated mice in this
experiment. Podocytes may be susceptible to injury by various
stimuli and types of stress, regardless of the primary or sec-
ondary glomerular diseases. Thus, targeting the cross-
communication between podocytes and the endothelium as
well as the various signaling molecules may represent new
therapeutic opportunities.
Clinical studies of a wide range of kidney diseases with

proteinuria, including lupus nephritis, acute kidney injury, IgA
nephropathy, FSGS, and diabetic kidney disease, have
demonstrated the induction of CD147/Bsg protein in glomer-
ular components in proportion to the progress of disease
activity.21e23 Here, it was demonstrated that Bsg production in
the early phase of podocytopathy causes podocyte effacement,
which promotes proteinuria. In this setting, Bsg may be
involved in a physiological positive feedback loop that accel-
erates podocyte cell motility and depolarization (Figure 6).
This study has a few limitations. Podocyte-specific

deletion of Bsg in mice was not performed, and primary
cultured podocytes were not used. Because one phenotype
of Bsg-deficient mice is male and female infertility, creating
and maintaining a conditional knockout mouse strain is
difficult. Because the mice used are a mixed strain that in-
cludes 129/SV, susceptibility to ADR may be higher
compared with other mouse strains. In a preliminary study,
higher dosages of ADR resulted in very low survival rates
accompanied by marked glomerular injuries such as severe
global glomerulosclerosis (data not shown). To investigate a
critical role for Bsg in the early phase of proteinuric kidney
diseases, the dosage administered to these mice was there-
fore set at 16 mg/kg body weight in the present study.
Conclusions

In conclusion, the current study suggests that Bsg silencing
may be an attractive therapeutic strategy for the maintenance
of podocytes via suppression of b1 integrineFAKeMMP
signaling. These results may open new avenues in the treat-
ment of patients with proteinuric kidney diseases.
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