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Figure 7
Schematic diagram showing the possible relationship between MK and
the RAS cascade that promotes hypertension and renal damage.

MK protein and PTN protein. The recombinant human MK (rh-MK) was
produced from yeast as described previously (48). In brief, human MK was
produced by Pichia pastoris GS115 transfected with a human MK expression
vector, which was constructed into pHIL-D4 (Invitrogen) (48). The MK pro-
tein was then purified by anion exchange chromatography and affinity chro-
matography on a heparin column. The purified human protein exhibired
neurotrophic activity comparable to that of mouse MK produced in L cells
(49). Recombinant human PTN was produced as previously described (50).

rh-MK and -PTN treatment model. In the pump study, MK protein in
saline (1.6 mg/ml) (n = 5), PTN in saline (1.6 mg/ml; # = 5), or saline alone
(n = 5) was infused using an osmotic pump (ALZA Corp.) into Mdk~/~
mice after 5/6 nephrectomy. The pumps continuously infused a total of
100 wul over 14 days. The pumps were implanted under the dorsal skin
the next day after 5/6 nephrectomy. Blood pressure was measured by the
indirect tail-cuff technique at 0 and 2 weeks after 5/6 nephrectomy. Mice
were sacrificed at 2 weeks after 5/6 nephrectomy, and blood and tissue
samples were collected.

Blood pressure monitoring. Blood pressure was measured in restrained,
conscious mice by the indirect ail-cuff technique under unstressed condi-
tions (BP-98A; Softron) at 0, 2, 4, 6, and 8 weeks after 5/6 nephrectomy
(51). Before measurement, the mice were warmed with a heating pad for
S minutes. A total of 7-10 readings were taken for each mouse, at 1- to
2-minute intervals.

Sample collection. Mice were sacrificed at 2, 4, and 8 weeks after 5/6 nephrec-
tomy. The remnant kidney, lung, brain, heart, and liver were removed rap-
idly, snap-frozen in liquid nitrogen, and stored ar -80°C until examinations
were performed. Each tissue was processed for histology, protein extraction,
and RNA extraction. Blood samples were collected into chilled tubes for
measurement of renal function parameters and into chilled tubes contain-
ing EDTA for Ang Il measurements. Serum and plasma were separated by
centrifugation (500 g for 10 minutes) and stored at -80°C until measure-
ment were performed. Serum creatinine, blood urea nitrogen (Mdk™*: sham,
n = 6; 2 weeks, n = 10; 4 weeks, n = 9; 8 weeks, n = 8; Mdk~~: sham, n = 7;
2 weeks, n = 7; 4 weeks, n = 6; 8 weeks, n = 4), and Ang II concentrations
(Mdk**: sham, n = 6; 2 weeks, n = 6; 4 weeks, n = 8; Mdk~": sham, n = 6;
2 weeks, n = 7; 4 weeks, n = 5) were measured by Mitsubishi BCL.
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ACE activity assay. Lung ACE activity was measured in a fluorescence
assay using a commercial ACE activity assay kit (Life Laboratory Company,
Yamagata, Japan). Isolated lung tissue (Mdk**: sham, n = 5; 2 weeks, n = §;
4 weeks, n = 5; Mdk~/": sham, n = §; 2 weeks, n = 5; 4 weeks, n = 4) was
homogenized in an assay buffer and then clarified by centrifugacion at
10,000 g for 15 minutes at 4.0°C. ACE activity against a synthetic substrate
(benzyloxycarbonyl-phenyl alanyl-leucine) was determined using a colo-
rimetric method. The product was measured fluorometrically at 355-nm
excitation and 460-nm emission with a fluoro-colorimeter, as follows. For
the assay, tissue samples were standardized to 1 ug protein/ml. Results
were calculated as mU/mg protein. All data are reported as mean + SD. The
measurements were performed in duplicate.

Histology and immunobistochemistry. The removed kidneys and lungs were
fixed in 10% buffered formalin, embedded in paraffin, and then cut into
4-um sections. The sections were stained with H&E, PAS, and Masson's tri-
chrome. Another tissue sample was embedded in OCT compound (Sakura
Finetek) and frozen in liquid nitrogen for immunostaining. Sections were
cut to a thickness of 3 um with a cryostat and fixed in acetone. High-power
fields were used to examine the sections for evidence of focal sclerosis (52,
53). Glomerular sclerosis was assessed by semiquantitative score (grades 0 to
+4) using the method of Raij et al. (54): grade 0, no sclerosis of glomeruli;
grade 1, sclerosis of up to 25% of glomerulus; grade 2, sclerosis of 25%-50%
of glomerulus; grade 3, sclerosis of 50%-75% of glomerulus; grade 4, sclerosis
of 75%-100% of glomerulus. At least 50 glomeruli were evaluated under x400
magnification and results averaged for each kidney (Mdk”*: 2 weeks, n = 5;
4 weeks, n = 4; 8 weeks, n = 4; Mdk~~: 2 weeks, n = 4; 4 weeks, n = 3; 8 weeks,
n = 3). Immunostaining for ACE and MK was petformed on buffered forma-
lin-fixed tissues. Sections were deparaffinized, rehydrated, incubated in 3%
hydrogen peroxide in methanol to block endogenous peroxidase, and washed
in 10% normal goat serum {Dako) in PBS to block nonspecific binding. Sub-
sequently, sections were incubated with mouse anti-ACE monoclonal anti-
body (dilution, 1:400; Chemicon International, Millipore) or anti-MK mono-
clonal antibody (dilution, 1:100) overnight at 4°C as described previously
(22), followed by a conjugate of polyclonal goat anti-mouse IgG antibody
and HRP-labeled polymer (Histofine Simple Stain; Nichirei) for 1 hour at
room temperature as a secondary antibody. The staining was visualized with
3-3' diaminobenzidine (Nichirei) to produce a brown color. The sections were
covered with 90% glycerol containing p-phenylenediamine and were examined
by electron microscopy (H-7100; Hitachi). For double immunofluorescence
staining of MK and thrombomodulin as a marker of the vascular endothe-
lium, the cryosections of lungs were first incubated with chicken anti-human
MK (dilution, 1:200) and then with rabbit anti-rat thrombomeodulin (dilu-
tion, 1:1,000) (55), followed by incubation with FITC-labeled rabbit anti-
chicken IgG (dilution, 1:160) and rhodamine-labeled goat anti-rabbit IgG
(dilution, 1:320) as secondary antibodies. For immunofluorescence staining
of macrophages and neutrophils, the cryosections of lungs or kidneys were
first incubated with rat anti-mouse F4/80 antibodies (MCA497F; dilution,
1:50; AbD Serotec) or rat anti-mouse neutrophils (MCA771G,; dilution, 1:200;
AbD Serotec), followed by incubation with FITC-labeled goat anti-rat IgG
F(ab)' 2 (dilution, 1:160) or FITC-labeled rabbit anti-rat IgG (dilution, 1:160)
as secondary antibodies. The lung and kidney section from each mouse was
viewed under x400 magnification, and then macrophages or neutrophils were
counted from 10 fields and averaged. Values are mean + SD.

HMVEC-L culture and treatments. HMVEC-L were used for the in vitro assay
because they have previously been shown to express ACE (56). HMVEC-L
(Takara Bio Inc.) were cultivated in EGM-2MV BulletKit medium (Takara
Bio Inc.) ar 37°Cin 5% CO,. HMVEC-L were grown as a monolayer in tissue
culture plates coated with type I collagen. When the cells reached 70%-80%
confluence, they were passaged with trypsin (0.025%)/EDTA (0.01%) and
used within 4 passages, as recommended by the supplier. After reaching
Number 6 1623
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confluence, HMVEC-L were washed with PBS and cultured for 24 hours
in essential basal medium containing 0.5% FBS. These cells were exposed
to 100 ng/ml recombinant human MK (rh-MK) plus 20 pig/ml heparin or
50 ng/ml PMA (Sigma-Aldrich} in essential basal medium containing 0.5%
FBS. PMA and the PKC inhibitor stock solutions were made in dimethyl
sulfoxide. For PKC inhibition, BIS {(Calbiochem) was added 1 hour before
treatment with rh-MK plus heparin or PMA. Protein was extracted from
HMVEC-L at the indicated time points after treatment, Cells were then
lysed in RIPA buffer (50 mmol/l Tris-HCl, 150 mmol/l NaCl, 1% Nonidec
P-40, 1% deoxycholic acid, and 0.05% sodium dodecyl sulfate) containing
0.25 mmol/l phenylmethylsulfonyl fluoride, kept on ice for 40 minutes,
and then centrifuged at 15,000 g for 10 minutes at 4°C. The supernatants
were then subjected to SDS-PAGE and Western blotting.

Ang II concentration in HMVEC-L. After reaching confluence, HMVEC-L
were washed with PBS and cultured for 24 hours in essential basal medium
containing 0.5% FBS. These cells were exposed to 100 ng/ml rh-MK plus
20 pg/ml heparin or 20 ng/ml heparin alone in essential basal medium
containing 0.5% FBS for 36 hours. After stimulation, HMVEC-L were
washed with PBS and exposed to 500 pM Ang I (Sigma-Aldrich) for 10 and
25 minutes. Supernatants were collected into chilled tubes, and then the
Ang II concentration was measured as previously described (57).

Western blot analysis. Mouse kidney, lung, brain, heare, and liver rissues
were snap-frozen in liquid nitrogen for protein isolation. Western blot
analysis was performed as described previously (58). The blots were subse-
quently incubated with goat anti-human MK antibody (dilution, 1:1,000),
monoclonal anti-$-actin antibody {dilution, 1:1,000; Sigma-Aldrich),
mouse anti-ACE monoclonal antibody (dilution, 1:1,000; Chemicon
International, Millipore), or rabbit anti-phospho-PKC antibody (dilution,
1:1,000; Cell Signaling Technology), followed by incubation with peroxi-
dase-conjugated goat IgG, mouse IgG, or rabbit IgG (dilution, 1:5,000;
Jackson Immunoresearch Laboratories Inc.). Western blot analysis of
liver ANG was performed using the ANG-specific polyclonal antibody as
described previously (59). Proteins were visualized with an enhanced che-
miluminescence detection system (Amersham Pharmacia, GE Healthcare).
The density of each band was measured using the public domain NIH
Image program (http://rsb.info.nih.gov/nih-image/).

RNA preparation from mouse kidney and lung. Mouse kidney and lung tis-
sues (15 mg) were immersed in RNAlater (Ambion, Applied Biosystems) for
1 day. The mixture was ground for 2 minutes with S-mm tungsten carbide
beads at a frequency of 20-25 Hz using a mixer-mill grinder according to
the manufacturer’s instructions (Tissuelyser; QIAGEN). The ground solu-
tion was then centrifuged for 3 minutes at 10,000 g to compact the debris,
and the supernatant was treated according to the manufacturer’s instruc-
tions. Total RNA was extracted using an RNeasy Mini Kit (QIAGEN). RNA
concentrations were estimated using a spectrophotometer (Ultrospec 3300
pro; Amersham Biosciences, GE Healthcare).

Real-time PCR. First-strand ¢cDNA was synthesized using the Quanti-
Tect Reverse Transcription Kit (QIAGEN) according to the manufac-
turer’s instructions. One microgram of total RNA was then reverse
transcribed. To validate changes in gene expression, we performed real-
time PCR analysis with an Applied Biosystems Prism 7S00HT Sequence
Detection System using TagMan Gene Expression Assays according to
the manufacturer’s specifications {Applied Biosystems). Two microliters
of cDNA samples was used for the PCR reaction. The TagMan probes and
primers were as follows. For mouse MK: forward, $'-CAAGGGACCCT-
GAAGAAGGC-3',and reverse, 5-CTTTGGTCTTTGACTTGCTCTTGG-3';
for ANG: forward, S'-CTCGAACTCAAAGCAGGAGAGG-3', and reverse,
5'-CGTAGATGGCGAACAGGAAGG-3'; for renin: S TTGTTGCTCTG-
GAGTCCTTGC-3', and reverse, 5'-CAGGATTTCCCGGACAGAAGG-
3'; for ACE: forward, 5'-ACCCAACCTCGATGTCACCA-3', and reverse,
5'-GCGAGGTGAAGAATTCCTCTGA-3'; for Nox1: forward, §'-TTG-
GCACAGTCAGTGAGGATG-3', and reverse, 5'-AGATTTCAAGATG-
GAAGCAAAGGG-3'; for Nox2: forward, S"-ACTTTCCATAAGATG-
GTAGCTTGG-3/, and reverse, 5'-GCATTCACACACCACTCAACG-3';
and for Nox4: forward, 5'-ACCAGAATGAGGATCCCAGAAAG-3/, and
reverse, S'-GTAGAAGCTGTAACCATGAGGAAC-3". 18S ribosomal RNA
(assay identification number 4326317E), which was used as an endog-
enous control, was as assay-on-demand gene expression product (Applied
Biosystems). The thermal cycler conditions were as follows: hold for
10 minutes at 95°C, followed by 2-step PCR consisting of 40 cycles at
95°C for 15 seconds and 60°C for 1 minute. The relative quantification of
all targets was carried out using the comparative cycle threshold method
(60). The levels of gene expression were standardized with those of the
18S ribosomal RNA.

Statistics. Results are expressed as mean + SD. Statistical difference was
assessed by a single-factor variance (ANOVA) followed by a 2-tailed unpaired
t test, as appropriate. P values less than 0.05 were considered significant.
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The E-Selectin Ligand Basigin/CD147 Is Responsible
for Neutrophil Recruitment in Renal Ischemia/
Reperfusion
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Yuko Miwa,* Kazuma Sakamoto,* Seiichi Matsuo,’ and Kenji Kadomatsu*

Departments of *Biochemistry and "Nephrology, Nagoya University Graduate School of Medicine, Nagoya, Japan

ABSTRACT

E-selectin and its ligands are essential for extravasation of leukocytes in inflammation. Here, we report
that basigin (Bsg)/CD147 is a ligand for E-selectin that promotes renal inflammation in ischemia/
reperfusion. Compared with wild-type mice, Bsg-deficient (Bsg~ /) mice demonstrated striking suppres-
sion of neutrophil infiltration in the kidney after renal ischemia/reperfusion. Although E-selectin expres-
sion increased similarly between the two genotypes, Bsg™/~ mice exhibited less renal damage,
suggesting that Bsg on neutrophils contribute to renal injury in this model. Neutrophils expressed Bsg
with N-linked polylactosamine chains and Bsg™/" neutrophils showed reduced binding to E-selectin. Bsg
isolated from HL-60 cells bound to E-selectin, and tunicamycin treatment to abolish N-linked glycans
from Bsg abrogated this binding. Furthermore, Bsg™’~ neutrophils exhibited reduced E-selectin-depen-
dent adherence to human umbilical vein endothelial cells in vitro. Injection of labeled neutrophils into
mice showed that Bsg™’~ neutrophils were less readily recruited to the kidney after renal ischemia/
reperfusion than Bsg™’* neutrophils, regardless of the recipient's genotype. Taken together, these
results indicate that Bsg is a physiologic ligand for E-selectin that plays a critical role in the renal damage

induced by ischemia/reperfusion.

J Am Soc Nephrol 20: 1565-1576, 2009. doi: 10.1681/ASN.2008090957

The selectins and their ligands are essential for leu-
kocyte tethering/rolling on endothelial cells and the
initiation of inflammatory response. The selectins
are C-type lectins and consist of three members, i.e.,
P-, L-, and E-selectin.’:2 P-selectin is expressed
upon inflammatory stimulation in platelets and en-
dothelial cells. L-selectin is constitutively expressed
on the tip of leukocyte microvilli and implicated in
lymphocyte homing to lymph nodes.? E-selectin is
specifically induced in the endothelium upon in-
flammatory stimulation. Thus, E- and P-selectin
closely collaborate with one another and play a ma-
jor role in leukocyte recruitment to inflammatory
sites.*~¢ Among the several glycoproteins reported
to bind to E-selectin, three have been identified as
representative physiologic E-selectin ligands on
neutrophils. There are P-selectin glycoprotein li-
gand-1 (PSGL-1), E-selectin ligand-1, and CD44,
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and all three play distinct roles during tethering and
slow rolling of neutrophils on the endothelium.” A
minimal recognition motif for all selectins is sialy-
lated and fucosylated glycan determinants, such as
sialyl Lewis X, that decorate the terminal extensions
of carbohydrates of these molecules.®® However,
because of the poor immunogenicity of highly gly-
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cosylated epitopes, it has proven difficult to identify selectin
ligands.

Basigin (Bsg)/CD147 (Bsg is the name of the mouse gene) is
a membrane glycoprotein that belongs to the Ig superfamily.
Bsg was discovered in embryonal carcinoma cells as a receptor
for Lotus tetragonolobus agglutinin'® and was determined to
have the structure GalBl—4(Fucal—3)GlcNAc, which is
known as the Lewis X structure. But it has been unclear
whether Bsg has sialyl Lewis X structure and whether Bsg serves
as a selectin ligand. Bsg is expressed in many cell types, e.g,
blood cells, epithelial cells, endothelial cells, and germ cells. We
previously generated Bsg-deficient (Bsg /") mice and found
several abnormalities that included male and female sterility,
progressive retinal degeneration, increased cell proliferation
upon mixed lymphocyte culture, decreased memory function,
and abnormal sensory function.’-13 In addition to these func-
tions deduced through the study of Bsg™/~ mice, two addi-
tional Bsg functions have recently been highlighted. First, Bsg
activates matrix metaloproteases (MMPs), thereby promoting
cancer invasion.' Second, Bsg functions like a chaperone for
monocarboxylate transporters (MCTs).!>!¢ In the present
study, we found an additional and unexpected role of Bsg;
namely, its glycosylation was crucial for inflammation.

Acute kidney injury (AKI) is a common complication that
occurs in approximately 5% of hospitalized patients and in
approximately 30% of patients in intensive care units. As the
mortality of AKI is still unacceptably high, between 40% and
60%,'7 this disease is being intensively studied. Renal ischemia/
reperfusion injury is characteristic of acute renal inflammation
involving marked infiltration of inflammatory cells, such as
neutrophils, and is the most widely used model for human
AKI.'® We used this model to investigate the role of Bsg in
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inflammation in the present study. Bsg '~ mice exhibited less
renal damage after ischemia/reperfusion. To our surprise, this
phenotype was attributable to Bsg on neutrophils, rather than
Bsg on other cells in the inflammation area. We found that
highly glycosylated Bsg on neutrophils bound to E-selectin on
endothelial cells and led to neutrophil infiltration to the in-
flammatory lesion. Our results may shed light on the mecha-
nisms underlying the pathogenesis of AKI.

RESULTS

Bsg Deficiency Preserves Renal Function and
Decreases Renal Injury after Ischemia/Reperfusion

We subjected Bsg*/* and Bsg ™'~ mice to renal ischemia/reper-
fusion injury. As shown in Figure 1, the renal damage was less
pronounced in Bsg”/~ mice than in Bsg*/* mice. Thus, 2 d
after ischemia/reperfusion, Bsg~/ ™ mice showed less tubuloin-
terstitial injury by all three criteria examined, i.e.,, tubular cast
formation, dilation, and degeneration (Figure 1, A and B). The
increase of serum urea nitrogen levels was also significantly
suppressed in Bsg~’~ mice (Figure 1C). The serum urea nitro-
gen reached the maximum level on day 1 after ischemia in
Bsg™'" mice versus day 2 in Bsg*’" mice. Thus, postischemic
renal injury was quickly terminated in Bsg ™'~ mice.

Bsg Deficiency Reduces Neutrophil Infiltration into the
Tubulointerstitium

Renal ischemia/reperfusion injury is characterized by a mas-
sive influx of neutrophils early after reperfusion, which plays a
crucial role in the pathogenesis of postischemic renal failure
through the release of cytotoxic proteases and oxygen-derived
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Figure 1. Renal injury is less severe in Bsg™’~ mice after renal ischemia/reperfusion. (A) A representative image of tubular lesions 2 d
after ischemia/reperfusion injury. Less renal damage was observed in Bsg ™/~ mice than in Bsg*’™ mice. Arrow, tubular cast; arrowhead,
degeneration of the tubule; asterisk, dilation of the tubule. Scale bar, 50 um. Periodic acid-Schiff staining. (B) Semiquantitative analysis
of tubulointerstitial damage 2 d after ischemia/reperfusion injury. The degree of tubular cast formation, tubular dilation, and tubular
degeneration were comparatively rated as described in the Concise Methods section. High values indicate more severe damage. White
columns, Bsg*’* mice; black columns, Bsg™'~ mice. cast, cast formation. dil., dilation. degen., degeneration. Data are means (columns)
and SEM; bars). *P < 0.05; **P < 0.01; n = 6. (C) Blood urea nitrogen (BUN) levels in Bsg*’* and Bsg™/~ mice after ischemia/
reperfusion. Renal function was better preserved in Bsg™’~ than Bsg™’* mice. White columns, Bsg™* mice; black columns, Bsg™~
mice. BUN is shown as mg/dl. Data are means {columns) and SEM (bars). *P < 0.05; n = 6.
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radicals.!® We next compared the amount of neutrophil influx
and renal function. Bsg deficiency greatly reduced the influx of
neutrophils to the kidney 1 d after ischemia/reperfusion (Fig-
ure 2A). The number of infiltrated neutrophils reached the
maximum level 1 d after ischemia/reperfusion (Figure 2A).
This was in contrast to the macrophage influx, which peaked
4 d after ischemia/reperfusion (Figure 2B). As the difference in
renal function between Bsg™'* and Bsg”'~ mice became ap-
parent 2 d after ischemia/reperfusion (Figure 1C), it is conceiv-
able that neutrophil influx, rather than macrophage influx, was
crucial for the role of Bsg in renal damage in our model.

It is widely accepted that chemokines are generated by isch-
emic tubular epithelial cells in the early phase of renal ischemic
injury.2° In addition, the tubular epithelial cells express Bsg.?!
Accordingly, we next examined whether the difference in in-
flux of neutrophils was mediated through differences in che-
mokine levels. Macrophage inflammatory protein-2 (MIP-2)
and keratinocyte-derived chemokine (KC) are representative
CXC chemokines that are known to be induced after ischemia/
reperfusion injury and to attract neutrophils.2? MIP-2 and KC
levels were elevated in Bsg*/* and Bsg '~ mice at days 1 and 2

Figure 2. Reduced neutrophil influx to postischemic kidneys in
Bsg™'~ mice. (A) Neutrophil influx in postischemic kidneys. The
number of infiltrated neutrophils to the kidneys after ischemia/
reperfusion was counted in a blind manner. immunostaining for
neutrophils revealed suppressed influx of neutrophils into the
kidneys of Bsg™/~ compared with Bsg*/* mice 1 d after ischemia/
reperfusion. White columns, Bsg™* mice; black columns, Bsg™'~
mice. Data are means {columns) and SEM (bars). *P < 0.05; n = 6.
Representative immunostainings for neutrophils 1 d after isch-
emia/reperfusion are presented on the right. Scale bar, 50 um. (B)
Macrophage influx in postischemic kidneys. White columns,
Bsg™’™ mice; black columns, Bsg™/~ mice. Data are means {col-
umns) and SEM (bars). *P < 0.05; n = 6. Representative immu-
nostainings for macrophages 4 d after ischemia/reperfusion are
presented on the right. Scale bar, 50 pm. (C) Representative
chemokine levels for neutrophil migration in the postischemic
kidneys. MIP-2 and KC levels were determined by ELISA for renal
homogenates and corrected for the quantity of protein. No sig-
nificant differences in local MIP-2 and KC were observed between
Bsg™/* (white columns) and Bsg™’~ (black columns) mice.
Amounts of MIP-2 and KC are presented as pg/mg protein. Data
are means (columns) and SEM (bars). n = 6. (D) Western blot
analysis of E-selectin expression in the kidney after ischemia/
reperfusion. Lysates of the kidney at 12 h after ischemia/reperfu-
sion or sham operation were subjected to immunoblot analysis of
E-selectin expression. After ischemia/reperfusion injury, E-selec-
tin expression was elevated, but the expression was comparable
between the Bsg*™’* and Bsg™’~ mouse kidneys. (E) Western blot
analysis of ICAM-1 expression in the kidney after ischemia/reper-
fusion. Lysates of the kidney at 24 h after ischemia/reperfusion or
sham operation were subjected to immunoblot analysis. After
ischemia/reperfusion injury, ICAM-1 expression was also ele-
vated, but the expression was comparable between the Bsg*’'"
and Bsg™’~ mouse kidneys.
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after ischemia/reperfusion, but there was no difference in the
degree of elevation between the two genotypes (Figure 2C).
Neutrophil recruitment in the postischemia/reperfusion
kidney requires adhesion molecules. E-selectin and intercellu-
lar adhesion molecule-1 (ICAM-1} on peritubular capillary
cells play particularly crucial roles in this model.2> In the
present study, western blot analysis showed upregulation of
E-selectin in the kidney 12 h after ischemia/reperfusion in both
Bsg*'* and Bsg™'™ mice, but the expression was not signifi-
cantly different between the two genotypes (Figure 2D). The
expression of ICAM-1 in the kidney at 24 h postischemia was
also comparable between the two genotypes (Figure 2E). E-
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selectin and ICAM-1 expression was localized along the length  stimulated neutrophils as well, since Bsg is readily detected by
of the peritubular capillaries (Supplementary Figure S1). FACS analysis on leukocytes obtained from peripheral blood.28

Bsg Expression on the Surface of Neutrophils Bsg Binds to E-Selectin

Figure 3A shows the schematic molecular structures of Bsgand ~ Consistent with Figure 3C, Bsg expression on the cell surface of
two major E-selectin ligands, PSGL-1and CD44. Bsgisatype 1  peritoneal-elicited neutrophils was confirmed by FACS analy-
integral membrane protein with a predicted molecular mass of ~ sis, but the expression was lost in neutrophils from Bsg”™ mice
28 kD, but its glycosylated form on various cells is between 35 (Figure 4A). Peritoneal-elicited neutrophils from wild-type
and 66 kD, with the actual molecular mass being dependenton  mice bound to soluble mouse E-selectin (E-selectin/Fc) and
the cell type.2d Thus, highly glycosylated Bsg harborslong sugar ~ P-selectin (P-selectin/Fc) (Figure 4B). Notably, Bsg”™ neutro-
chains. This is in contrast to PSGL-1 (approximately 120 kD)  phils showed less binding to E-selectin (Figure 4B). On the
and CD44 (approximately 85 kD), which have relatively short  other hand, there was no difference in binding to P-selectin

glycans. Determinants for E-selectin-binding exist on O-gly-  between Bsg*'* and Bsg~/ ™ neutrophils (Figure 4B).

cans of PSGL-1 and N-glycans of CD44,25.26 Since this result suggested that Bsg might bind to E-selectin,
The molecular mass of Bsg from peritoneal-elicited neutro-  we next addressed this question. We examined Bsg isolated

phils was reduced by N-glycosidase F digestion as well asendo-  from HL-60 cells, a human promyelocytic cell line, that were

B-glycosidase digestion, indicating that Bsg harbored N-linked ~ pretreated with or without tunicamycin. Protein extracts from
polylactosamine chains (Figure 3B). This was consistent witha ~ HL-60 cells were incubated with immunomagnetic beads

previous report.?” We then analyzed the subcellular distribu-  coated with mouse anti-human Bsg antibody. Immobilized
tion of Bsg in neutrophils. At the electron microscope level,  Bsg beads were then incubated with soluble human E-selectin
neutrophils display a complex surface architecture with prom-  and P-selectin with or without EDTA. Soluble E-selectin
inent microvillus-like membrane protrusions. These mi- bound to the Bsg beads, and this binding was abrogated
crovilli represent principal sites of initial contact with the vas-  under a Ca>" chelate condition (Figure 4C, left upper panel,

cular endothelium. As shown in Figure 3C, a and b, Bsg was  solid line). Because it has been reported that mouse E-selec-
widely distributed on both the planar cell surface and the mi-  tin/Fc has a higher level of binding activity to human leu-
crovilli of peritoneal-elicited neutrophils. A negative control  kocytes than human E-selectin/Fc,2® we also used mouse
experiment was performed with an isotype-matched antibody, ~ E-selectin/Fc. Mouse E-selectin/Fc bound to the Bsg beads
but no signals were observed (Figure 3Cc). The microvillous  (Figure 4C, left upper panel, dotted line). On the other
presentation argues for the participation of Bsg in the early  hand, human P-selectin/Fc did not bind to the Bsg beads
interaction between neutrophils and endothelial cells during  (Figure 4C). Tunicamycin treatment abolished N-linked
extravasation. Bsg may also be expressed on the surface of un-  glycans from Bsg (Figure 4C, right) and consequently di-

Figure 3. Bsg expression on the surface of
neutrophils. (A) Structural diagrams repre-
senting Bsg, PSGL-1, and CD44. (B) Extracts
from mouse neutrophils were treated with
N-glycosidase F or endo-B-galactosidase and

Bsg PSGL-1 CcD44 oo-qx\eé\bo then subjected to western blot analysis. Mo-
~v N-linked polylactosamin o- N-linked glycan e~ O-linked glycan lecular mass markers (in kD) are indicated on
the left. co, untreated control; PNG, N-glyco-
sidase F; endo, endo-B-galactosidase. (C) Im-
munoelectron micrograph showing the sub-
cellular distribution of Bsg on the surface of
neutrophils. Neutrophils were stained with
anti-mouse Bsg antibody (a and b) or control
antibody (c). The photo shown in (b) repre-
sents a magnification of the framed area in
(a). Bsg was distributed both on microvilli (ar-
row) and on the planar surface of the neutro-
phils (arrowhead). Scale bars indicate 1 um in
(a) and 500 nm in (b and ¢).
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Figure 4. Neutrophil Bsg binds to E-selectin.  p
(A) Bsg expression on mouse neutrophils. Peri-
toneal-elicited neutrophils were stained with
anti-mouse Bsg antibodies (open histogram) or
isotype-matched control antibodies (gray-filled
histogram). Analysis gates were set on the gran-
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minished the binding between E-selectin and isolated Bsg
(Figure 4C, left lower panel).

A recent study revealed that Bsg is released from the cell
surface via microvesicle shedding, which is promoted by
PMA .30 As these microvesicles are unstable and rapidly broken
down, Bsg can be recovered from the supernatant fraction of
the culture medium after centrifugation.? In the present
study, we treated HL-60 cells with 100 nM PMA for 24 h and
detected Bsg secretion in the culture medium by western blot
{data not shown). We prepared Bsg beads from this culture
medium supernatant. Human E-selectin bound to these Bsg
beads (Figure 4D, upper panel, solid line). Even after washing
with 1 M NaCl, the beads retained the ability to bind to E-
selectin, suggesting that soluble factors, if any, binding to Bsg
on the beads do not affect the binding ability of the beads
(Figure 4D, lower panel).

J Am Soc Nephrol 20: 1565-1576, 2009

Expression of Other Adhesion-Related Molecules in
Bsg-Deficient Neutrophils

The level of expression of the major E-selectin ligands PSGL-1
and CD44 on neutrophils was similar between Bsg™'* and
Bsg™' ™ neutrophils (Figure 4E). In the renal ischemia/reperfu-
sion injury model, integrins on the neutrophils are another
factor to be considered.?' However, we found that the expres-
sions of lymphocyte function antigen 1 (LFA-1: CD11a/CD18)
and macrophage-1 antigen (Mac-1: CD11b/CD18) on neutro-
phils from Bsg™/" mice were comparable to those on neutro-
phils from Bsg™'~ mice (Figure 4F).

In addition to PSGL-1 and CD44, CD43 is known to func-
tion as an E-selectin ligand.>2 However, there was no difference
of CD43 expression between Bsg™/'™ and Bsg™’~ neutrophils
(Supplementary Figure S2A). Furthermore, the beads used for
Figure 4C did not contain PSGL-1, CD44, or CD43 (Supple-
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mentary Figure S2B). Together with the data shown in Figure
4D, these data exclude the possibility that the Bsg used for the
bead experiments was co-isolated with associated molecules
that exert an E-selectin-binding activity.

Impaired Bsg™'~ Neutrophil Adhesion to Cytokine-
Activated Endothelial Cells

We next investigated the biologic significance of Bsg on neu-
trophils using an in vitro adhesion assay. It is known that hu-
man umbilical vein endothelial cells (HUVECs) express E- and
P-selectin upon stimulation with TNF-a. We found that, com-
pared with Bsg"'* neutrophils, Bsg™'~ neutrophils were less
adherent to HUVEC:s at 4 h after TNF-« stimulation (Figure 5,
A and B). This result was primarily due to the interaction be-
tween E-selectin and its ligands, since an E-selectin-blocking
antibody significantly suppressed the adhesion, and the differ-
ence in adherence to HUVECs between Bsg™'* and Bsg '~
neutrophils was abolished (Figure 5A). The adhesion was fur-
ther suppressed when Ca®" was chelated with EDTA, suggest-
ing that, in addition to E-selectin, other components of the
Ca’"-dependent adhesion machinery, e.g., other selectins, also
played a role in this adhesion {Figure 5A). Indeed, P-selectin
blocking antibody suppressed the neutrophil adhesion to
HUVECGs, but the difference in adhesion between the two ge-
notypes remained intact (Figure 5B). It is noteworthy that the
adhesion between HUVECs and Bsg"’™" neutrophils was sup-
pressed by approximately 50% by the E-selectin-blocking an-
tibody, whereas the adhesion between HUVECs and Bsg ™'~
neutrophils was only suppressed by about 10% by this anti-
body (Figure 5A). Therefore, the results strongly suggested that
Bsg on neutrophils played an indispensable role in adhesion to
HUVECs through E-selectin.

Few Neutrophils from Bsg™'~ Mice Infiltrated into the
Postischemic Kidney

The suppressed infiltration of neutrophils in Bsg™’~ mice after
renal ischemia/reperfusion could be interpreted in two ways.
First, Bsg on infiltrating neutrophils may have played a role.
Second, Bsg on other cells in the inflammatory tissues may
have been important. To examine these possibilities, fluores-

cence-labeled neutrophils were adoptively transferred into
mice 5 min after renal ischemia/reperfusion surgery. After 6 h,
the mice were sacrificed, and the postischemic kidneys were
examined. The fluorescence-labeled neutrophils predomi-
nantly infiltrated around the vasa recta in the outer medulla,
which was one of the main damaged areas after ischemia/
reperfusion injury (Figure 6Aa). Much less infiltration was ob-
served when Bsg™’ ™ neutrophils were injected, compared with
Bsg*'" neutrophils (Figure 6A, a and b, neutrophils are indi-
cated by arrows). Labeled cells were barely detectable in the
right kidney, which was not subjected to ischemia/reperfusion
surgery (Figure 6Ac). Labeled cells were also not observed
when saline was injected instead of labeled neutrophils (Figure
6Ad). The numbers of labeled cells infiltrating into the post-
ischemic kidney are summarized in Figure 6B. Regardless of
the genotypes of recipients, fewer adopted Bsg” '™ neutrophils
infiltrated than adopted Bsg™/* neutrophils. These data clearly
indicated that Bsg on neutrophils, rather than Bsg on other
cells at inflammatory sites, was responsible for the reduced
infiltration of neutrophils into the postischemic kidney in
Bsgﬁ/* mice (Figure 2A). We confirmed that the infiltrating
labeled cells (PKH26; Figure 6Cc, red) were indeed neutrophils
by staining with anti-mouse neutrophil antibody (Figure 6Cb,
green). Thus, the red and green spots were completely merged
(Figure 6Ca). We also confirmed that infiltrating cells were
located on the portions of the endothelium that were positive
for E-selectin and thrombomodulin, a vascular endothelial
marker (Figure 6C, d through i). Thus, E-selectin expression
was found along the peritubular capillary blood vessels of the
postischemic kidney, and the PKH26-labeled cells were in
close proximity to E-selectin (Figure 6C, d through f). As the
majority of the PKH26 staining in Figure 6C, cand f, represents
autofluorescence, the PKH26-labeled cells are indicated by ar-
rows in these figures.

DISCUSSION

In this study, we demonstrated that Bsg isolated from HL-60
bound to E-selectin, but not after N-linked polylactosamine

Figure 5. Adhesion assay of mouse neutro-
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Figure 6. Adoptive transfer of neutrophils. (A) Adoptive transfer
of labeled neutrophils just after renal ischemia/reperfusion. (a)
Bsg™’* neutrophils were adoptively transferred to Bsg™™ recip-
ient mice. Insert, a magnified image of the framed field. (b)
Bsg™’~ neutrophils were adoptively transferred to Bsg™" recip-
ient mice. (c) A contralateral kidney that did not receive ischemia/
reperfusion. (d) A kidney that was injected with saline instead of
labeled neutrophils. Arrows show labeled neutrophils. All speci-
mens were obtained 6 h after ischemia/reperfusion. Scale bar,
100 pm. (B) The numbers of labeled (adopted) neutrophils infil-
trated into the kidneys after ischemia/reperfusion. Cell counting
was performed as described in the Concise Methods section.
Data are means (columns) and SEM (bars). ***P < 0.001; n = 3. (C)
Immunostaining of mouse neutrophils and E-selectin after adop-
tive transfer of labeled cells. PKH26-labeled Bsg™* neutrophils
{red) were adoptively transferred to Bsg™’* recipient mice after
ischemia/reperfusion. Kidney specimens were then immuno-
stained with anti-neutrophil antibody followed by FITC-conju-
gated secondary antibody (green in a through c) or by anti-E-
selectin antibody followed by FITC-conjugated secondary
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chains of Bsg were ablated by tunicamycin treatment. The mas-
sive neutrophil infiltration into the kidney after renal isch-
emia/reperfusion was partly attributable to Bsg on neutrophils,
because (i) the level of neutrophil infiltration was lower in
Bsg™'™ mice and (ii) regardless of the recipients’ genotypes,
exogenously injected Bsg ™'~ neutrophils were less readily re-
cruited to the inflammatory kidney tissue. In vitro E-selectin-
dependent adherence to HUVECs was also reduced in Bsg™/~
neutrophils. Therefore, our data strongly suggest that Bsgis a
physiologic ligand for E-selectin.

The selectins are required for leukocyte adhesion during
inflammation. E-selectin but not P-selectin controls slow leu-
kocyte rolling on inflamed venules, and this rolling may en-
hance an efficient transition to firm adhesion and extravasa-
tion.?3-3>  Although blocking of P-selectin ameliorates
ischemia/reperfusion-induced AKI, platelet P-selectin, but not
endothelial P-selectin, is the key component in P-selectin-me-
diated AKI.3637 Therefore, we focused on endothelial E-selec-
tin and its ligand in these renal ischemia/reperfusion experi-
ments. Several glycoproteins have been found to bind to
E-selectin in vitro, and the topographic distribution of the li-
gands on the surface of neutrophils is a major determinant of
their ability to mediate initial contacts to the endothelium un-
der flow. For example, PSGL-1 distributes on the very tip of
neutrophil microvilli and contributes to the primary interac-
tion between neutrophils and the endothelium.?® On the other
hand, CD44 is exclusively distributed on the planar surface of
the neutrophils and mediates steady slow rolling.?® In this con-
text, it is of note that Bsg is equally distributed on the planar
surface and microvilli of the neutrophils (Figure 3C). The lo-
calization of Bsg on microvilli is an indication of its possible
role in the early steps of leukocyte endothelial contact forma-
tion.

Bsg is known to induce MMPs and thus, is referred to as an
extracellular matrix metalloproteinase inducer (EMMPRIN).
To confirm the effects of MMP activity in the postischemic
kidneys on this model, we performed gelatin zymography.
Both MMP-2 and MMP-9 activities in Bsg*/* mice were com-
parable to those in Bsg”™/~ mice at both 1 and 2 d postischemia/
reperfusion (data not shown). Another molecule we consid-
ered was cyclophilin. It has been reported that extracellular
cyclophilins can induce leukocyte chemotaxis, and Bsg is a sig-
naling receptor for these proteins. Blocking the cyclophilin-
Bsg interaction pharmacologically or by means of an antibody
reduces the inflammation responses in a LPS-induced acute
lung injury model and a bronchial asthma model in mice.?8:40
Dear et al.*! found that cyclophilin is upregulated in the liver in
a sepsis model, and inhibition of Bsg attenuates sepsis-induced
AKL

antibody (green in d through f). The arrows indicate fluorescence-
positive cells. The capillary endothelium was also stained with
anti-thrombomodulin (TM) antibody followed by rhodamine-con-
jugated secondary antibody (g through i). Scale bar, 50 um.
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However, the expression of cyclophilin A, the most repre-
sentative cyclophilin, did not increase after ischemia in the
kidney, and there was no difference in the expression of cyclo-
philin A between the two genotypes in the present study (data
not shown). Thus, it is not likely that the function of Bsg is
always exerted through cyclophilin in AK], although further
studies are needed to fully understand the involvement of cy-
clophilin in AKI. Furthermore, Bsg~'~ neutrophils expressed
normal levels of PSGL-1, CD44, and integrins (LFA-1 and
Mac-1). We also observed that the expression of E-selectin on
renal microvessels and chemokines in the kidney was compa-
rable between Bsg™'* and Bsg~'~ mice. These data support the
idea that the difference in renal damage between Bsg™'* and
Bsg™’~ mice was due to the difference in neutrophil infiltration
mediated by Bsg on neutrophils.

Bsg on neutrophils has long sugar chains that are N-linked
polylactosamines (Figure 3A). The biologic significance of
these long sugar chains has long been obscure. In this context,
itis noteworthy that O-linked glycans on PSGL-1 contribute to
binding to its receptors, E- and P-selectins, while N-linked
glycans on CD44 are responsible for the binding to E-selectin
(Figure 3A).%2> Based on the present results, Bsg has unique
sugar chains, i.e., N-linked polylactosamines, that are respon-
sible for its binding to E-selectin.

Renal ischemia/reperfusion leads to increased endothelial
expression of a variety of adhesion molecules that promote
endothelial-leukocyte interaction. Gene knockout, antibody,
and pharmacologic inhibitor studies have suggested a role for
E-selectin in ischemia/reperfusion injury.s In particular, E-
selectin-deficient mice show a 75% reduction in myeloperox-
idase activity (an indicator of neutrophil infiltration) in the
postischemic kidneys at 24 h compared with wild-type mice.??
Our Bsg™'~ mice showed a 50% reduction in neutrophil
counts in the kidney compared with wild-type mice. There-
fore, Bsg may not fully account for the function of E-selectin.
Our in vitro binding assay between neutrophils and HUVECs
also supports this idea. Therefore, other E-selectin ligands on
neutrophils, such as PSGL-1 and CD44, may also be important
for neutrophil recruitment and the subsequent renal damages
induced by ischemia/reperfusion. Infiltrating neutrophils pro-
duce cytokines, growth factors, proteases, and reactive oxygen
species, all of which can injure renal cells. Injured renal cells in
turn produce factors that stimulate neutrophils. This chain
reaction may contribute to the establishment of renal dysfunc-
tion. If neutrophil infiltration is moderately suppressed as in
the case of Bsg ™'~ mice, the suppression of renal dysfunction
may be delayed. Therefore, the delayed effect of Bsg deficiency
on BUN as compared with E-selectin knockout may not nec-
essarily indicate that Bsg is not an early-acting E-selectin li-
gand. Rather, the localization of Bsg on the microvilli (Figure
3) may suggest that it participates in initial capture {tethering)
on the endothelium, as in the case of PSGL-1.7

Finally, our study has shed light on the mechanisms under-
lying AKI. There is no specific therapy for AKI except for sup-
portive care, and AKI is associated with unacceptably high
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mortality that has been reported to range from 40% to
60%.17:43 The overwhelming majority of studies have exclu-
sively looked at neutrophils as the most important prevalent
leukocytes during AKIL. Our study thus introduces a novel
player in the pathogenesis of AKI. Bsg might be a good candi-
date target for intervention of AKL

CONCISE METHODS

Bsg-Deficient Mice
Mice deficient in the Bsg gene were generated as described pre-
viously.*¢ All experiments were performed with Bsg*’* and
Bsg™'™ littermates. The mice used were 8- to 12-wk-old fe-
males weighing 20 to 25 g. The mice were housed under con-
trolled environmental conditions and maintained with stan-
dard food and water.

The experiments described above were conducted accord-
ing to The Animal Experimentation Guide of Nagoya Univer-
sity School of Medicine.

Renal Ischemia/Reperfusion Injury Model
We used a previously characterized model of renal ischemia/
reperfusion injury in mice.*s Briefly, we anesthetized the mice
by intraperitoneal administration of 40 mg/kg sodium pento-
barbital. We placed the animals on a heating pad to maintain a
constant body temperature of 37°C. Under general anesthesia,
we removed the right kidney. This heminephrectomy proce-
dure was omitted in the experiment of adoptive transfer of
labeled neutrophils. After 7 d, we anesthetized the mice as de-
scribed above and exposed the left kidney. We occluded the
renal artery for 45 min with nontraumatic microvascular
clamps. The animals received 30 ml/kg warm saline instilled
into the peritoneal cavity after the procedure and were allowed
to recover with free access to food and water. Sham-operated
mice underwent the same procedure without clamping of the
artery and were killed 1 d after surgery. Groups of mice (n = 6)
were killed 1, 2, 4, and 7 d after surgery.

We determined serum urea by a standard diagnostic proce-
dure using a kit from KAINOS Laboratories (Tokyo, Japan).

We measured the cytokine MIP-2 and KC in renal homog-
enates as described previously*¢ by specific ELISA according to
the manufacturer’s instructions (MIP-2: R&D Systems; KC:
Immuno-Biologic Laboratories Ltd., Gunma, Japan). We nor-
malized the results for the total protein concentration.

Histology

We fixed renal tissues in 4% paraformaldehyde, embedded
them in paraffin, and then cut them into 2-um sections. We
stained the sections with periodic acid-Schiff reagent. Using
semiquantitative indices, we analyzed the sections to evaluate
tubulointerstitial damage in each region by light microscopy,
as described previously.*5 Briefly, the extent of cast formation,
tubular dilation, and tubular degeneration in the cortex, outer
medulla, and inner medulla were scored according to the fol-
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lowing criteria by two observers in a blind manner: 0, normal;
1, below 30% of the pertinent area; 2, 30% to 70% of the per-
tinent area; 3, over 70% of the pertinent area.

Parts of the kidney tissues were snap-frozen in liquid nitro-
gen. We cut 2-pum-thick sections with a cryostat and then fixed
them in acetone. We stained the cryosections with rat anti-
mouse neutrophil antibody (dilution, 1:200; clone 7/4; Sero-
tec, Oxford, UK), rat anti-mouse macrophage antibody (dilu-
tion, 1:50; clone F4/80; Serotec), rat anti-mouse E-selectin
antibody (dilution, 1:50; clone 96419; R&D Systems, Minne-
apolis, MN), or goat anti-mouse [CAM-1 antibody (dilution,
1:50; R&D Systems), followed by detection with FITC-conju-
gated rabbit anti-rat [gG (dilution, 1:100; Zymed Laboratories,
San Francisco, CA) or FITC-conjugated rabbit anti-goat IgG
(dilution, 1:100; Sigma-Aldrich, St. Louis, MO). We counted
leukocytes positive for 7/4 and F4/80 in all renal regions (cor-
tex, outer medulla, and inner medulla) under a microscope at
X200 magnification in a blind manner.

For immunoelectron microscopy, we washed peritoneal-
elicited mouse neutrophils twice and then stained them with
rat anti-mouse Bsg antibody (dilution, 1:25; clone OX114; Ab-
cam Ltd., Cambridge, UK) or control rat IgG followed by
HRP-conjugated goat F(ab’), fragment anti-rat IgG (Hist-
ofine; Nichirei Corporation, Tokyo, Japan). After fixation with
1% glutaraldehyde, we incubated the cells with 3,3’ diamino-
benzidine (Dako, Carpinteria, CA) for 30 min, then washed
them twice. The cells were postfixed in osmium tetroxide, de-
hydrated in alcohol, and embedded in epoxy resin (Quetol-
812; Nissin EM Corporation, Tokyo, Japan). We examined
ultrathin sections with a JEM-1400 electron microscope (JOEL
Ltd., Tokyo, Japan).

Preparation of Mouse Peritoneal-Elicited Neutrophils
Mouse peritoneal neutrophils were elicited by intraperitoneal
injection of 2 ml 3% thioglycollate medium (Wako, Osaka,
Japan), which induced aseptic peritoneal inflammation. After
5 h, we collected peritoneal exudate fluid with 5 ml ice-cold
PBS.47 We washed the isolated peritoneal cells three times. The
purity of neutrophils was approximately 90% as confirmed by
FACS analysis (anti-GR-1-positive cells) and May-Giemsa
staining. The cell viability was more than 98% checked by
trypan blue staining.

Cells

HUVECs (Cell Applications, San Diego, CA) were cultured
using an EGM-2 BulletKit (Takara Bio, Shiga, Japan) at 37°Cin
5% CO, and used between the second and fifth passages. We
obtained the human promyelocytic cell line HL-60 from the
American Type Culture Collection (ATCC; accession no.
CCL-240; Manassas, VA) and cultured them in RPMI 1640
(Sigma-Aldrich) containing 10% fetal bovine serum (Life
Technologies BRL, Gaithersburg, MD) at 37°C in 5% CO,.

Deglycosylation

To remove N-glycans in the cell lysate, we treated the lysate of
mouse peritoneal-elicited neutrophils with 10 U N-glycosidase
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F (Roche Diagnostics, Mannheim, Germany) at 37°C over-
night in a buffer containing 50 mM sodium phosphate, pH 7.5,
and 1% Nonidet-P 40. To remove polylactosamine chains in
the cell lysate, we treated the cell lysate with 5 mU endo-f-
galactosidase (Seikagaku Corporation, Tokyo, Japan) at 37°C
overnight in a buffer containing 10 mM sodium acetate, pH
6.0.

For the inhibition of N-glycosylation in cells, we cultured
HL-60 cells in the presence of 15 pg/ml tunicamycin (Calbio-
chem, San Diego, CA) for 48 h.

Flow Cytometry E- and P-Selectin-Binding Assay

First, we prepared immunomagnetic beads. Lysates were pre-
pared by incubation of HL-60 in lysis buffer (1% Triton-X 100
in PBS with EDTA-free Protease Inhibitor Cocktail; Nakalai
Tesque, Kyoto, Japan) for 30 min on ice, and cell debris was
removed by centrifugation at 17,000 X g for 10 min at 4°C. We
incubated anti-mouse IgG-coated beads (M-280 Dynabeads;
Dynal Biotech ASA, Oslo, Norway) with mouse anti-human
Bsg antibody (clone MEM-M6/1; Abcam Ltd.) and control
mouse IgG for 4 h under rotation. We then washed the beads
twice with lysis buffer and incubated them overnight at 4°C
under rotation with the prepared HL-60 cell lysate (2 X 10°
cells/10° beads) or culture medium supernatant obtained after
ultracentrifuge. We washed the beads three times with PBS or 1
M NaCl-PBS before the binding assay. To detach the protein
on the prepared immunomagnetic beads, we boiled the beads
with sample buffer for 5 min. We then subjected the superna-
tants to western blot analysis.

Mouse peritoneal-elicited neutrophils (5 X 10°) were
stained by incubation with antibody against Bsg (dilution,
1:50; clone OX114; Abcam Ltd.), PSGL-1 (dilution, 1:50; clone
4RA10; Becton Dickinson, Franklin Lakes, NJ), CD44 (dilu-
tion, 1:50; IM7; BioLegend, San Diego, CA), CD11a (dilution,
1:50; clone 121/7; SouternBiotech, Birmingham, AL), CD11b
(dilution, 1:50; clone M1/70; Cedarlane, ON, Canada), Gr-1
(dilution, 1:100; clone RB6—8C5; Cedarlane), and CD43 (di-
lution, 1:50; clone 1B11; Biolegend) or control antibodies.
Subsequently, we washed these cells with PBS and then incu-
bated them with FITC-conjugated anti-rat IgG (dilution,
1:100; Zymed Laboratories). Cells were washed three times be-
fore flow cytometry analysis. To assess the E- and P-selectin-
binding property, we incubated mouse peritoneal-elicited
neutrophils or prepared Bsg-coated beads with 10 pg/ml re-
combinant human E-selectin/Fc chimera, human P-selec-
tin/Fc chimera, mouse E-selectin/Fc chimera, and mouse
P-selectin/Fc chimera (R&D Systems) at 4°C with gentle
shaking for 30 min in the presence or absence of 5 mM
EDTA. We then incubated the cells with FITC-conjugated
goat F(ab’), fragment anti-human IgG (Fcy; Beckman
Coulter, Fullerton, CA). In the analysis of mouse neutro-
phils, the gates were set on the granulocytic population us-
ing forward/side scatter distributions. All samples were an-
alyzed using a FACSCalibur flow cytometer and CellQuest
software (Becton Dickinson).
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Western Blot Analysis

We performed western blot analysis as described previously.8
Briefly, we separated the samples by 10% SDS-PAGE and then
transferred the gels to a nitrocellulose membrane (Whatman,
Florham Park, NJ). We blocked the membranes with 5% (wt/
vol) dry fat-free milk in PBS with 0.1% Tween for 60 min at
room temperature. We then incubated the membranes with
rat anti-mouse E-selectin antibody (dilution, 1:1000; clone
96419; R&D Systems), goat anti-mouse ICAM-1 antibody (di-
lution, 1:1000; R&D Systems), goat anti-mouse Bsg antibody
(dilution, 1:1000; R&D Systems), mouse anti-human Bsg an-
tibody (dilution, 1:1000; clone HIM®6; Biolegend), mouse anti-
human PSGL-1 antibody (dilution, 1:1000; clone KPL-1; BD
Biosciences), mouse anti-human CD44 antibody (dilution,
1:1000; clone 2C5; R&D Systems), mouse anti-human CD43
antibody (dilution, 1:1000; clone MEM-59; Biolegend), rabbit
anti-mouse cyclophilin A antibody (dilution, 1:1000; Upstate,
Lake Placid, NY), or mouse anti- actin antibody (dilution,
1:1000; Sigma-Aldrich). Each primary antibody was incubated
at 4°C overnight. After washing with PBS containing 0.1%
Tween, we incubated these membranes with peroxidase-con-
jugated anti-rat IgG, anti-goat 1gG, or anti-mouse IgG (dilu-
tion, 1:5000; Jackson Immunoresearch Laboratories, West
Grove, PA}, respectively, for 60 min at room temperature. We
visualized the proteins with an enhanced chemiluminescence
(ECL) detection system (Amersham Pharmacia, Amersham
Biosciences, Piscataway, NJ).

Adhesion Assay of Mouse Neutrophils to HUVECs

We performed the adhesion assay on HUVECs as described
previously.*® Briefly, we washed the mouse peritoneal-elicited
neutrophils in HBSS without Ca** and Mg®* and concen-
trated them to 107 cells/ml. We then incubated the suspensions
with 5 uM calcein-AM (Molecular Probes, Eugene, OR) at
37°C for 15 min.*® We stopped the labeling by adding RPM1
1640 with 10% fetal bovine serum and washing three times.
HUVECs were plated at 5 X 10* cells/well in a 96-well micro-
plate (MICROTEST 96; Becton Dickinson). After overnight
culture, we obtained confluent monolayers. To stimulate the
expression of endothelial adhesion molecules, including E-se-
lectin, we pretreated HUVECs with 10 ng/ml recombinant hu-
man TNF-a (R&D Systems) for 4 h at 37°C. Afterwards,
HUVECs were washed twice and then treated with 30 pg/ml
rat anti-human CD62E (E-selectin) antibody (clone UZ4; Ab-
cam Ltd.), 20 pg/ml sheep anti-human CD62P (P-selectin)
antibody (R&D Systems), control rat antibody (clone
RTK2118; Abcam Ltd.), or control sheep antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) for 1 h. After washing, we
allowed 5 X 10° fluorescence-labeled mouse neutrophils in
RPMI 1640 medium to adhere for 30 min with or without
EDTA. This procedure was examined at 4°C, since this temper-
ature is known to be optimal for the investigation of the selec-
tin-mediated adhesion mechanism and does not activate
integrins.>'We then inverted the plates for 30 min to eliminate
unadherent cells and washed carefully. We then added an equal
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number of labeled cells (5 X 10°) to the well to measure total
fluorescence (F,). The remaining fluorescence (F, ) and the flu-
orescence of a blank well (F,)) were measured.>® We measured
all fluorescences on a Fluoroskan AscentCF (Labsystems, Hel-
sinki, Finland). Calcein-AM-labeled cells were excited at 485
nm and evaluated at 530 nm. We calculated the percentage
adhesion using the following formula:

F.— F,
Fr—Fb

%adhesion = * 100.

Adoptive Transfer of Labeled Neutrophils

We washed peritoneal-elicited neutrophils from Bsg*’* and
Bsg™'™ mice with PBS and stained them with a PKH26 red
fluorescence cell linker kit (Sigma-Aldrich) according to the
manufacturer’s instructions. The viability of neutrophils was
more than 98% after labeling with trypan blue exclusion. Five
million neutrophils from Bsg*/* and Bsg ™/~ mice were in-
jected intravenously into Bsg™’* and Bsg ™/~ mice, respec-
tively, at 5 min after renal ischemia/reperfusion surgery. After
6 h of reperfusion, we harvested the postischemic kidney. We
prepared frozen sections of the kidney at 4-pum thickness, We
counted the number of transferred neutrophils (PKH26-la-
beled cells) by examining all renal regions in 20 continuous
sections of the short axis hilum of the kidney. Then we fixed
other sections as described above and stained them with rat
anti-mouse neutrophil antibody (clone 7/4; Serotec), followed
by FITC-conjugated rabbit anti-rat [gG (Zymed Laboratories)
to confirm that the infiltrated PKH26-labeled cells were neu-
trophils. We incubated other sections with chicken anti-mouse
E-selectin antibody (dilution, 1:50; R&D Systems), followed by
FITC-conjugated rabbit anti-chicken IgG (dilution, 1:50;
Zymed Laboratories) to check the positional relations of trans-
ferred neutrophils in the kidney. For double-immunofluores-
cence staining of E-selectin and the endothelium, we first
stained the section with E-selectin as described above. It was
then incubated with rabbit anti-rat thrombomodulin anti-
body>2 (dilution, 1:1000) followed by incubation with rhoda-
mine-conjugated goat anti-rabbit IgG (dilution, 1:100; Zymed
Laboratories).

+

Statistical Analysis

We expressed all values as means = SEM. We performed sta-
tistical analysis with unpaired, two-tailed t test for single com-
parisons. Values of P < 0.05 were considered to indicate sta-
tistically significant differences.
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Systemic delivery of siRNA specific to tumor mediated by atelocollagen: Combined
therapy using siRNA targeting Bcl-xL. and cisplatin against prostate cancer

Ping Mu', Shunji Nagahara®, Naoki Makita?, Yuzo Tarumi®, Kenji Kadomatsu' and Yoshifumi Takei'**

'Department of Biochemistry, Nagaya University Graduate School of Medicine, Nagoya, Japan
2Formulation Laboratories Technology Research and Development Center, Dainippon Sumitomo Pharma, Ibaraki, Japan

3Koken Co., Lid, Tokyo, Japan

“Division of Disease Models, Center for Neurological Diseases and Cancer, Nagoya University

Graduate School of Medicine, Nagoya, Japan

The largest obstacle to the effective use of short interfering RNA
(siRNA) in an animal body is the ability to deliver it to the target
tissue. Here we showed a systemic delivery method of siRNA
specific to pregrown solid tumors via atelocollagen. Atelocolla-
gen facilitated the selective uptake of siRNA into the tumors
when an siRNA/atelocollagen complex was administered intra-
venously to mice. We chose a Bcl-xL protein as a model target to
prove the therapeutic efficacy of the atelocollagen-mediated
method. Bel-xL acts as an anti-apoptotic factor, which is overex-
pressed in many cancers, including prostate cancer. One of the
four designed siRNAs to human Bel-xL potently inhibited the
expression of Bcl-xL by the PC-3 human prostate cancer cell
line in vitro, leading to cell apoptosis. Intravenous injections
for 3 consecutive days (siRNA, 100 pg/injection per day as a
complex with atelocollagen) effectively downregulated Bel-xL
expression in the PC-3 xenograft. We administered four series of
3 consecutive days of intravenous injections each, for a total of
12 injections, which significantly inhibited tumor growth when
the treatment was combined with cisplatin (2 mg/kg). Local
injection of Bel-xL siRNA also potently inhibited tumor growth.
All of the tumors treated with Bel-xL siRNA/atelocollagen com-
plex via both intravenous and intratumoral injection showed ter-
minal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling-positive apoptosis. There were no severe side effects
such as interferon-o induction and liver or renal damage in
mice. Our results indicate that systemic delivery of siRNA via
atelocollagen, which specifically targets tumors, is safe and feasi-
ble for cancer therapy.

© 2009 UICC

Key words: short interfering RNA; Bcl-xL; apoptosis; drug delivery
system,; atelocollagen

RNA interference (RNAI) has revealed highly sequence-specific
gene silencing in which short pieces of double-stranded RNA, i.e.,
short interfering RNA (siRNA), suppress the expression of genes
exhibiting sequence homology.'? An intense research effort is
under way to develop siRNAs as therapeutics for many kinds of
diseases.” However, the largest obstacle to develop a therapy using
siRNAs lies in the necessity of achieving effective delivery to the
target organ and tissue. Thus, the major limitation for the use of
siRNA in vivo is the inability of naked siRNA to passively diffuse
through cellular membranes; i.e., there is a strong anionic charge
of the phosphate backbone and consequent electrostatic repulsion
from the anionic cell membrane surface.* The other obstacles to
the delivery of siRNAs in vivo, such as degradation by nuclease(s)
in blood and interaction with blood components, indeed exist.’ To
overcome these obstacles, many delivery systems, such as hydro-
dynamic approaches6 and bioconjugating approaches including
cationic liposomes,’ cationic polymers,® and cell penetrating pep-
tides,” have been developed. However, thus far there is little con-
clusive method.

We and Ochiya’s group previously showed the efficacy of ate-
locollagen for delivering nucleic acid compounds such as anti-
sense oligodeoxynucleotides, %12 morpholino antisense oligom-
ers,‘3 and siRNAs,l‘Hé especiallg in vivo. Atelocollagen, which is
prepared from bovine dermis,”"'® contributes to increases in
cellular uptake, nuclease resistance and the prolonged release of
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siRI\IA,M’"‘L21 as well as Elasmid DNA,17 and antisense oligonu-
cleotide (:ompounds,lo’1 L1322 2 dministered to tumors. An siRNA—
atelocollagen complex also can be delivered via an intravenous
injection route as nanoparticles, enabling systemic delivery of siR-
NAs.?? Takeshita er al.®® previously showed the evidence of tu-
mor targeted delivery of systemically administered siRNA with
atelocollagen using functional image analysis. They used siRNA
to luciferase and luciferase-expressing bone-metastatic tumor
models via intracardiac injection.”> More recently, we also suc-
cessfully showed a therapeutic effect on inflammatory disease via
atelocollagen-mediated systemic administration of siRNA target-
ing monocyte chemoattractant protein-1 (MCP-1).'® However, lit-
tle information is available about treating pregrown xenografted
solid tumors by this modality, i.e., adequate dose, frequency and
interval of siRNA injections, although there is a lot of information
about local injection to treat tumors.

In this study, we determine a modality to treat a pregrown xeno-
graft derived from human prostate cancer cell line PC-3, via atelo-
collagen-mediated systemic administration in comparison with
local administration. We chose Bcel-xL as a target. Bel-xL, a major
member of the Bcl-2 family, is well characterized as an anti-apo-
ptotic protein. Overexpression of the Bel-xL protein is observed in
many cancers,” including prostate cancer, 326 eading to their
desensitization to chemotherapy.?’° Thus, we determined a func-
tional siRNA targeting human Bcl-xL to downregulate its expres-
sion in PC-3 cells, and a modality for the delivery of siRNA to
treat PC-3 xenografts in nude mice in vivo via atelocollagen-medi-
ated systemic administration without any severe side-effects.
Finally, we showed the therapeutic effect of the siRNA on the
xenografts by the systemic method established in this study, by
combining the siRNA treatment with cisplatin (CDDP). We also
quantified the siRNA systemically delivered to the tumors and
several normal organs; the amount in tumors was quite high com-
pared with that in normal organs.

Abbreviations: siRNA, short interfering RNA; CDDP, cisplatin; IFN-a,
interferon-o; TUNEL, terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling; RNAi, RNA interference; STS, staurosporine;
HPRTI, hypoxanthine guanine phosphoribosyl transferase I; ELISA,
enzyme-linked immunosorbent assay; DAPI, 4, 6-diamidino-2-phenylin-
dole; FSP-1, fibroblast specific protein-1; pDCs, plasmacytoid dendritic
cells; PE, phycoerythrin; FITC, fluorescein isothiocyanate; APC, allophy-
cocyanine; poly(I:C), polyinosine-polycytidylic acid; AST, aspartate ami-
notransferase; ALT, alanine aminotransferase; BUN, blood urea nitrogen;
PTX, paclitaxel.

Grant sponsor: Ministry of Education, Science, Sports, Culture, and
Technology of Japan (21st Century COE grant); Grant number: 17016030;
Grant sponsor: Japan Society for the Promotion of Science; Grant numbers:
17790185, 19590273.

*Correspondence to: 65 Tsurumai-cho, Showa-ku, Nagoya 466-8550,
Japan. Fax: +81-52-744-2065. E-mail: takei@med.nagoya-u.ac.jp

Received 8 September 2008; Accepted after revision 6 February 2009

DOI 10.1002/ijc.24382

Published online 23 February 2009 in Wiley InterScience (www.interscience.
wiley.com).



SYSTEMIC DELIVERY OF siRNA TO PROSTATE CANCER 2979

a
1 FeeITCTCAGAGCAACCGCGCAGCTGCETCGETTGACTTTCTCTCCTACAAGCTTTCCCAGARA
M S Q s N R E L v v D F L S Y K L S Q K

GGATACAGCTGGAGTCAGTTTAGTGATGTGGAAGAGAACAGGACTGAGGCCCCAGAAGGG
G Y S W S Q F S D v B E N R T E A P E G

ACTGAATCGGAGATGGAGACCCCCAGTGCCATCAATGGCAACCCATCCTGGCACCTGGCA
T E S E M E T P s A I N G N P S W H L A

GACAGCCCCGCGGTGAATGGAGCCACTGGCCACAGCAGCAGTTTGGATGCCCGGGAGGTG
D 8 P A V N 6 A T G H S8 8 8 L D A R E V

241 ATCCCCATGGCAGCAGTAAAGCAAGCGCTGAGGGAGGCAGGCGACGAGTTTGAACTGCGG
I P M A A v K Q A L R E A G D E F E L R

TACCGGCGGGCATTCAGTGACCTGACATCCCAGCTCCACATCACCCCAGGGACAGCATAT
Y R R A Y

61

121

181

301

A F S D L T S Q L H I T P G T

361
Q 8 F E Q

421

vV A F F S

CAGAGCTTTGAACAGRBTAGTGAATGAACTCTTCCGGGATGGGGTAAACTGGGGTCGCATT

v

GTGGCCTTTTTCTCCTTCGGCGGGGCACTGTGCGTGGAAAGCGTAGACAAGGAGATGCAG

F

e BCl-XL. SIRNA #3 ssudp === Bcl-xL. siRNA #4 ==p
GTATTGGTGAGTCGGATCGCAGCTTGGATGGCCACTTACCTGAATGACCACCTAGAGCCT

vV N E L F R D G V N W 6 R I
o Bel-XL SIRNA #1 ===p g

G G A L c vV E s V D K E M Q

<= Bcl-xL siRNA #2 =

W M A T Y L N D H L E P

TGGATCCAGGAGAACGGCGGCTGGGATACTTTTGTGGAACTCTATGGGAACAATGCAGCA

G WD T F \' E L Y G N N A A

481
v L v 8 R I A A
e
541
FiGure 1 - (@) Design of the Ww I Q9 E N G
four siRNAs for human Bcl-xL. 601
The locations of Bcel-xL siRNA A E & R XK @
#1, #2, #3 and #4 examined in this 661
study are indicated by horizontal
arrows. ATG (black box), the A ¢ v vV L L
translation initiation site; TGA
(black box), the translation termi-
nal site; a black frame, the Bel-xL-
only region. (b) Structures of Bel-  p

xL siRNA #3, determined to be the
most functional siRNA to downre-
gulate human Bcl-xL in this study,
and its scrambled control (Bcl-xL
siRNA-SCR).

Bcl-xL sSiRNA #3
(Bcl-xL siRNA)

(Bcl-xL siRNA-SCR

Material and methods
Cell culture and reagents

A human prostate cancer cell line, PC-3 (American Type
Culture Collection, Manassas, VA), which shows an androgen-in-
dependent characteristic, was cultured in Ham’s F-12 medium
modified by Kaighn (F-12K) with 10% heat-inactivated fetal bo-
vine serum at 37°C in a humidified atmosphere of 5% CO»,
as reported previously. 14“ CDDP was obtained from Nippon
Kayaku (Tokyo, Japan). Z-VAD-FMK and staurosporine (STS)
were purchased from Sigma-Aldrich (St. Louis, MO).

SIRNAs

Four siRNAs targeting human Bel-xL. mRNA (accession no.
NM_138578) and one scrambled siRNA were designed. The
sequences and locations are shown in Figure la. The siRNAs tar-
geting Bel-xL were designed using the sequences that were spe-
cific to Bel-xL. We also used Bel-xL siRNA-Cy3 to monitor the
delivery efficiency and uptake in the PC-3 xenografts upon sys-
temic injection. All siRNAs were synthesized by Dharmacon
(Lafayette, CO).

Atelocollagen and siRNA/atelocollagen complex preparation

Atelocollagen is prepared from calf dermal collagen (Koken,
Tokyo Japan). Atelocolhgen exhibits a stick-like structure, 300
nm in length 1.5 am in diameter and 300 kDa in molecular
weight.!’ Ateloco]lagen shows neither antigenicity nor toxicity
because it is free from antigenic telopeptides with pepsin treat-
ment.'” Atelocollagen is a liquid at 4°C and a gel at 37°C, when it
is at a high concentration (>0.5%). This biochemical feature of

Bcl-xL, siRNA #3-SCR

)
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-dTATAUCCCCAACGCUGCAAAUC-5"

atelocollagen contributes to contlolled release of siRNA directly
injected into the tumor,'*'>?° When atelocollagen is at a low con-
centration (0.05-0.1%), a coefficient of viscosity of atelocollagen
(2.7 £ 0.2 mPaS, n = 3; when a shear rate is 230 per sec) deter-
mined by E type viscometer becomes similar to that of blood.
Thus, we used 0.5 and 0.05% of atelocollagen for local and sys-
temic delivery of siRNA, respectively. The complex with siRNA
forms a nano-sized particle (100-300 nm).'"” In the previous
report, we showed the similar therapeutic efficacy of the VEGF
siRNA/atelocollagen complex in different final concentrations
(ranging 0.5-1.75%) of atelocollagen (Ref. 14 and unpublished
results). For preparing the siRNA/atelocollagen complex, equal
volumes of atelocollagen n PBS and siRNA solution were mixed
by rotating for 20 min at 4°C."

SIRNA transfection in vitro

The siRNA transfection experiments mediated with Lipofect-
AMINE-Plus (Invitrogen, Carlsbad, CA) were performed as
described previously. 15

The siRNA transfection experiments mediated with atelocolla-
gen were performed as reported previously. 1923 Thus, an equal
volume of siRNA solution (0.4 M) and atelocollagen (160 ug/
ml) was mixed for 20 min at 4°C. The final concentration of atelo-
collagen was 80 pg/ml. The siRNA/atelocollagen complexes were
then pre-coated on 6-well plates (siRNA 100 pmol/0.5 ml per
well). PC-3 cells were plated onto the siRNA/atelocollagen-com-
plexes precoated 6-well plates at a density of 1 X 10° cells per
well. Cell lysates were prepared 72 hr later.
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RNA extraction, RT-PCR and real-time PCR

Total RNA was extracted from cells or from tumor tissues and
was analyzed by RT-PCR and real-time PCR (qPCR) as described
previously.!** RT-PCR primers for human Bel-xL, Bel-2, Mcl-1
and Bax were designed according to the methods of Zhang er al.*!
and Komuro et al.,” respectively. The human Bcl-xS primers
were 5-GCTTTGAACAGGATACTTTTGTGG-3' (forward) and
5-AAGGCAATCTAGTCTCCTTTCTGG-3' (reverse), under the
following PCR conditions: 94°C for 30 sec, 55°C for 30 sec, 72°C
for 1 min, 30 cycles. Real-time PCR primer and TagMan probe
for human Bcl-xL were designed according to the method of Ohga
er al*® Results for Bel-xL expression in real-time PCR analysis
were normalized to hypoxanthine guanine phosphoribosyl trans-
ferase 1 (HPRT1, Applied Biosystems, Warrington, UK).

Western blot analysis

Cells were lysed with Buffer E (PBS with 1% NP-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate and 50 mM
sodium fluoride) with a protease inhibitor cocktail (Sigma-
Aldrich). The protein concentrations in lysates were determined
with the Bio-Rad DC Protein Assay (Bio-Rad Laboratories, Her-
cules, CA). Equal amounts of lysate (30 pg/lane) were separated
by 12% SDS-PAGE gels and transferred electrophoretically onto
nitrocellulose membranes. The membranes were blocked with
PBS containing 5% nonfat milk and 0.1% Tween 20 for 1 hr at
room temperature and then incubated with mouse anti-human
Bcel-xL antibody (BD Biosciences, Franklin Lakes, NJ) for 1 hr at
room temperature. Finally, after the membranes were washed with
PBS containing 0.1% Tween 20, they were incubated with horse-
radish peroxidase-conjugated goat anti-mouse IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA) for 1 hr. After
further washing with PBS containing 0.1% Tween 20, the peroxi-
dase activity was detected with an enhanced chemiluminescence
detection system (Amersham Biosciences, Foster City, CA)
according to the manufacturer’s protocol.

Cell proliferation analysis

To determine the effect of Bel-xL siRNA on cell proliferation,
cells transfected with Bel-xL siRNA or Bel-xL siRNA-SCR were
seeded in 96-well plates at a density of 1 X 10* cells per well.
Twelve hours later, the medium was changed to serum-free me-
dium. At the indicated time points, cell viability was determined
with a cell counting kit (Dojin, Kumamoto, Japan). To determine
the effect of Bel-xL siRNA in combination with CDDP, the cells
were incubated with CDDP (12 pM) at 48 hr post-transfection. At
the indicated time points, cell viability was determined.

Caspase-3 activity assay

The PC-3 cells were incubated with or without Z-VAD-FMK
(50 uM) after transfection with Bel-xL siRNA or Bel-xL siRNA-
SCR. At 72 hr post-transfection, caspase-3 activity was deter-
mined using the CPP32/Caspase-3 Colorimetric Protease Assay
Kit (MBL, Nagoya, Japan). Briefly, the cells were washed with
cold PBS and then were suspended in chilled cell lysis buffer.
After incubation on ice for 10 min, the cell lysate was centrifuged
for 1 min at 10,000g. The supernatant was transferred to a fresh
tube and was diluted into a protein concentration of 2 mg/ml in 50
pl cell lysis buffer. Then 50 pl of 2 X reaction buffer and 5 pl of
the 4 mM DEVD-pNA substrate were added to each sample, fol-
lowed by incubation at 37°C for 2 hr. The absorbance of each
sample at 405 nm was measured.

Bel-xL ELISA

The tumor tissues were homogenized in CelLytic-MT Mamma-
lian Tissue Lysis/Extraction Reagent (Sigma) with a protease in-
hibitor cocktail. The cell lysate was centrifuged and the superna-
tant was harvested. The total protein concentrations in the cell
lysates were determined with the Bio-Rad DC Protein Assay. The
Bel-xL protein levels in the tumors were determined using a

MU ET AL.

Human Total Bel-xL DuoSet IC ELISA Kit (R&D Systems, Min-
neapolis, MN) according to the manufacturer’s instructions. The
protein concentration of Bcl-xL was normalized to total protein
concentration.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling assay

After transfection with Bcl-xL siRNA or Bcel-xL siRNA-SCR
48 hr later, the cells were re-seeded into 8-chamber plates at a den-
sity of 3 X 10 cells per chamber and treated with CDDP (12 M)
either alone or in the presence of Z-VAD-FMK (50 uM). Another
72 hr later, terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay was performed according to the
manufacturer’s protocol (MBL, Nagoya, Japan). For tumor tissue
samples, sections (4 um) were cut with a cryostat and then fixed in
acetone. A TUNEL assay for tissue sections was performed as
described previously.’> Total cell numbers were determined by
staining with 4/, 6-diamidino-2-phenylindole (DAPI). Images of
the sections (green, TUNEL-positive cells; blue, nuclear fluores-
cence) were collected by fluorescence microscopy (Olympus,
Japan) and TUNEL-positive cells were counted with MetaMorph
software (Universal Imaging, Downing town, PA).

Xenograft models in nude mice

PC-3 cells (3 X 10°% in 0.3 ml of serum-free F-12K medium
were subcutaneously inoculated into the ri%ht flank of 8-week-old
athymic nude mice (SLC, Tokyo, Japan). 31534 After 3 weeks,
when the tumors reached a volume of approximately 50-80 mm®,
the mice were divided randomly into multiple treatment groups.

In the experiments with local administration of Bcl-xL siRNA,
the final concentration of atelocollagen was 0.5%. The intratu-
moral (it) injection of a naked siRNA (1 nmol, 13.3 pg) or siRNA
(1 nmol, 13.3 pg) mixed with atelocollagen was administered
once per week for 4 weeks. CDDP (2 mg/kg) was administered
via intraperitoneal (ip) injection 2 days after the siRNA injection.
The final volume of the Bcl-xL siRNA/atelocollagen complex for
intratumoral injection was always 50 pl. Thus, the final concentra-
tion of Bel-xL siRNA/atelocollagen was 13.3 pg/50 pl per tumor
in 0.5% atelocollagen.

In the experiments with the systemic administration of Bcl-xL
siRNA, the final concentration of atelocollagen was 0.05%. The
intravenous (iv) injection of a naked siRNA (100 ug) or siRNA
(100 pg) mixed with atelocollagen was administered on 3 consec-
utive days per week for 4 consecutive weeks. CDDP was adminis-
tered via ip injection 1 day after the last injection of siRNA in
each administration week. The final volume of the Bcl-xL siRNA/
atelocollagen complex for intravenous injection was always 200
pl. Thus, the final concentration of Bcl-xL siRNA/atelocollagen
was 100 pg/200 pl per mouse in 0.05% atelocollagen.

At regular intervals, tumor diameters were measured with digi-
tal calipers and the tumor volume was calculated with the formula:
volume = (width)* X length/2.'* All animals were managed
according to the guidelines of the Institute for Laboratory Animal
Research, Nagoya University Graduate School of Medicine.

Quantification of Bel-xL siRNA in PC-3 xenograft as well
as several organs after intravenous injection

To monitor the distribution of Bcl-xL siRNA in tumors, nude
mice bearing PC-3 xenografts (tumor volume = 50-80 mm?®)
were intravenously injected with 100 pg of Bel-xL siRNA/atelo-
collagen complex. Fifteen, 30, or 60 min later, the mice were
allowed to bleed, and then PC-3 xenografts and several organs
(liver, kidney, lung, spleen and brain) were excised. Each sample
was homogenized in Gentra Puregene Cell Lysis Solution
(Qiagen, Hilden, Germany), and lysate was purified by Gentra
Puregene Protein Precipitation Solution (Qiagen). Fluorescence
labeled oligoribonucleotide (5'-GGUAUUGGUGAGUCGGAUC-
3} specific for the antisense strand of the Bcl-xL siRNA was
added to the deproteinized lysates, and was allowed to form
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hybrid. Amount of siRNA in the lysates was estimated for amount
of hybrid quantitated by reverse-phase HPLC.

Analyses of tumor administered Cy3-labeled Bcl-xL siRNA

Nude mice bearing PC-3 xenografts were intravenously injected
with a Cy3-labeled Bel-xL siRNA (100 pg) with or without atelo-
collagen. Twenty-four hours later, tumors were excised and then
sections (4 pum) were cut with a cryostat and then fixed in acetone.
Nuclei, endothelial cells, and fibroblasts were stained with DAPI,
anti-mouse CD31 rat monoclonal antibody (BD Pharmingen, San
Diego, CA) and anti-mouse S100A4/FSP-1 antibody (Lab Vision/
Neomarker, Fremont, CA), respectively. All positive signals were
visualized with an fluorescein isothiocyanate (FITC)-labeled goat
anti-rat IgG (Cappel Laboratories, West Chester, PA), or
Alexad88-labeled goat anti-rabbit IgG (Invitrogen).

Measurement of interferon-uo induction in plasmacytoid
dendritic cells or in nude mice

For in vitro interferon (IFN)-a induction experiments, plasma-
cytoid dendritic cells (pDCs) were prepared from mouse spleens
with a Plasmacytoid DC Isolation Kit II (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) according to the previous reports.>>*%
Thus, the cells collected from spleen were blocked with an FcR
Blocking Reagent, and then incubated with Plasmacytoid Dendri-
tic Cell Biotin Cocktail. After washing, the cells were mixed with
Anti-Biotin Microbeads followed by magnetic separation with an
LS column. Purified pDCs (mPDCA-1", B220" and CD11¢"°")
were determined by FACS with anti-mPDCA-1-PE, anti-CD1lc-
FITC and anti-CD45R (B220)-APC antibodies (Miltenyi Biotec).
The purity was around 90%. pDCs were seeded into a 96-well
plate at a density of 1 X 10° per well in RPMI-1640 (Invitrogen)
with 10% FBS. pDCs were treated with 50 ug/ml of Bcl-xL
siRNA with or without atelocollagen (0.05%). As a positive con-
trol, 50 pg/ml of polyinosine-polycytidylic acid (poly(I:C), Invivo
Gen, San Diego, CA) was added. Each medium was collected
after 24 hr of the addition.*®

For in vivo IFN-« induction experiments, nude mice were intra-
venously injected with 100 pg of Bel-xL siRNA with or without
atelocollagen. As a positive control, 100 g of poly(I:C) alone was
injected. Blood was harvested 6 hr post-injection.

The mouse IFN-a concentration in the medium and serum was
determined with a mouse IFN-o. ELISA kit (PBL Biomedical Lab-
oratories, Piscataway, NJ).

Measurement of liver enzyme and renal function in nude mice

For acute liver and renal function experiments, nude mice were
intravenously injected with 100 pg of Bel-xL. siRNA/atelocollagen
complex only or in combination with CDDP (2 mg/kg). As a posi-
tive control of acute liver damage, 0.4 g/kg of carbon tetrachloride
(CCly, Wako Pure Chemical Industries, Osaka, Japan) dissolved in
olive oil (1:10, v/v) was injected ip, and blood was taken 24 hr
later.*’

Liver and renal function was also evaluated 7 days later after
siRNA injection. Nude mice were intravenously injected with
100 pg of Bel-xL siRNA/atelocollagen complex only on 3 consec-
utive days (days 0-2) or in combination with CDDP (2 mg/kg, day
3) and blood was taken on day 7.

The levels of aspartate aminotransferase (AST), alanine amino-
transferase (ALT), blood urea nitrogen (BUN) and creatinine in
serum were measured by SRL Aichi Laboratory (Japan).

Statistical analysis

Statistical significance was determined using the Student’s
t-test. p < 0.05 was considered statistically significant.
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Results

Bcl-xL siRNA specifically suppressed the expression of
Bel-xL in PC-3 cells

We first selected an effective siRNA by transfecting four Bel-
xL siRNAs into PC-3 cells. Bel-xL siRNA #3 showed more than
99% knockdown efficiency in Bcl-xL protein expression after
transfection with LipofectAMINE-Plus into PC-3 cells (Fig. 2a).
We thus selected Bel-xL siRNA #3 (termed Bel-xL siRNA, Fig.
1b) as the most functional one and used it in future study. Bel-xL
siRNA almost eliminated both the expression of Bel-xL in protein
and its mRNA level, whereas scramble siRNA (Bcl-xL siRNA #3-
SCR) did not decrease either the protein expression or the mRNA
level (Figs. 2b,2¢). Using RT-PCR, we determined whether or not
Bel-xL siRNA had any influence on the expression levels of other
Bcl-2 family members. There were no changes in the expression
of Bcl-xS, Bel-2, Mcl-1, or Bax (Fig. 2¢). The transfection of Bcl-
xL siRNA via atelocollagen also successfully inhibited the expres-
sion of Bcl-xL like Lipofect AMINE-Plus (Fig. 2d). The results
revealed that Bel-xL siRNA had a specific inhibitory effect on the
expression of Bel-xL, but no effect on other Bel-2 family members
examined in this experiment.

Downregulation of Bel-xL reduced cell growth and enhanced
chemosensitivity to CDDP in PC-3 cells

We transfected Bel-xL siRNA or Bel-xL siRNA-SCR into PC-3
cells, and determined cell growth 48 hr after transfection. Compar-
ing the cell growth curve of the cells transfected with Bel-xL
siRNA against that of the cells transfected with Bel-xL siRNA-
SCR, we found that Bel-xL siRNA significantly inhibited cell
growth (p < 0.001; Fig. 3a).

Before the combinational experiments with CDDP in vitro, we
treated PC-3 cells with various concentrations (0, 0.2, 0.8, 3.2, 12
or 50 pM) of CDDP. The cells treated with 50 uM of CDDP
showed a strong reduction (78 %) in cell viability compared with
no treatment group. On the other hand, the cells incubated with 12
UM of CDDP showed a weak reduction (23 %). Thus, we deter-
mined the concentration of CDDP (12 M) to combine with Bcl-
xL siRNA. As shown in Figure 3a, Bel-xL siRNA showed signifi-
cantly decreased cell viability in a time-dependent manner when
combined with CDDP (p < 0.001). On the other hand, Bcl-xL
siRNA-SCR showed no such effects.

Bcl-xL siRNA increased apoptosis in PC-3 cells in vitro

To investigate whether or not the anti-proliferative effect of
Bcl-xL siRNA was accompanied by the induction of apoptosis, we
performed TUNEL staining in PC-3 cells. As shown in Figure 3b,
the proportion of TUNEL-positive cells was significantly higher in
the PC-3 cells treated with Bcl-xL siRNA (p < 0.001) than in
those treated with Bel-xL siRNA-SCR. In the cells cotreated with
Z-VAD-FMK, a broad caspase inhibitor, TUNEL-positive cells
were significantly reduced (p < 0.001). Similar results were
obtained when the siRNA treatment was combined with CDDP
(Fig. 3b). We proved that downregulation of Bcl-xL induced cas-
pase-3-dependent apoptosis in PC-3 cells (Fig. 3¢).

Determination of a suitable dose of CDDP for in vivo
therapeutic experiments

To determine the therapeutic effectiveness of Bcl-xL siRNA/
CDDP in vivo, we first analyzed the effect of the treatment with
CDDP alone. Two doses of CDDP (2 or 4 mg/kg) were intraperi-
toneally injected into mice once a week. The tumor volumes were
measured twice per week. The group treated with 2 mg/kg of
CDDP showed a moderate inhibition of tumor growth, whereas
the group treated with 4 mg/kg of CDDP showed potent inhibition
compared with the untreated group (Fig. 7).
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LipofectAMINE Plus-mediated transfection
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3 Ficure 2 - Effects of siRNAs
for Bel-xL on the expression of
Bcl-xL. and several apoptosis-
related genes in PC-3 cells. (a)
PC-3 cells were transfected with
four Bel-xL siRNAs. The expres-
sion of Bel-xL in cell lysates was
determined by Western blot analy-
sis 72 hr after transfection. (b) PC-
3 cells were transfected with Bcl-
kL siRNA or Bel-xL siRNA-SCR.
Western blot analysis was per-
formed as in («). (¢) The mRNA
levels of Bel-xL as well as several
apoptosis-related genes were deter-
mined 48 hr later by RT-PCR.
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as a control. () PC-3 cells were
transfected with Bcel-xL siRNA or
Bcl-xL siRNA-SCR via atelocolla-
gen. The expression of Bel-xL in
cell lysates was determined 72 hr
after transfection.

Local or systemic administration of Bel-xL siRNA via
atelocollagen effectively suppressed the expression
of Bel-xL in vivo

To evaluate the effects of Bel-xL siRNA, intratumoral treatment
and intravenous treatment with Bel-xL siRNA, together in either
case with atelocollagen, were performed. Bel-xL siRNA was
injected, it or iv, into mice bearing PC-3 xenografts (tumor vol-
ume = 50-80 mm?). The kinetics of downregulation of Bcl-xL
expression is demonstrated with real-time PCR and ELISA, Real-
time PCR showed that the expression levels of Bcl-xL in the
tumors decreased to 12 and 21% after intratumoral injection with
1 nmol (13.3 pgftumor) and 0.5 nmol (6.7 pg/tumor) of Bel-xL
siRNA with atelocollagen, respectively, and the results were con-
firmed by ELISA (Fig. 4a).

For systemic administration of Bel-xL siRNA, we injected 100
pg of Bel-xL siRNA into the tail vein one time, consecutively two
times and consecutively three times, respectively (Fig. 4b). The
real-time PCR showed that the three consecutive injections of the
siRNA with atelocollagen suppressed expression of Bel-xL. to 49%,
which was better than one injection (65%) or two consecutive injec-
tions (55%; Fig. 4b). Similar results were obtained by ELISA. The
different doses of Bel-xL siRNA were also examined in this experi-
ment (Fig. 4¢). Three consecutive injections with 100 pg of Bcl-xL.
siRNA with atelocollagen significantly suppressed the expression
of Bel-xL compared with 50 pg (p < 0.05), and showed an inhibi-
tory effect similar to 200 and 400 pg (Fig. 4¢). On the basis of these
results, we made therapy schedules for in vivo experiments with
dose and injection intervals as shown in Figs. 5a and 6a.

Local administration of Bel-xL siRNA showed a significant
anticancer effect in PC-3 xenografis

Intratumoral injection of Bcl-xL siRNA with or without atelo-
collagen was repeated every 7 days (total four times). We com-

bined Bel-xL siRNA with 2 mg/kg of CDDP, which has shown a
moderate anticancer effect (data not shown). As shown in Fig. 5b,
Bel-xL siRNA with atelocollagen inhibited tumor growth and sig-
nificantly enhanced the anticancer effect of CDDP (p < 0.001)
compared with Bel-xL siRNA-SCR. At the end of the study (on
day 28), all mice were killed and the tumors were weighed. The
local administration of Bcl-xL siRNA/atelocollagen led to a
remarkable inhibition of tumor weight, whereas an injection of a
naked Bcl-xIL siRNA showed no significant effect on the tumor
growth (Figs. 5b, 5¢). No body weight loss was found during the
experimental period (data not shown). TUNEL staining revealed
the induction of apoptosis in xenografts treated with Bcl-xL
siRNA/atelocollagen (Fig. 5d). Local administration of atelocolla-
gen alone had no effect on the tumor growth, microvessel density
and cell ag)optosis of PC-3 xenograft consistent with our previous
reports, 13

Systemic administration of Bcl-xL siRNA showed a significant
anticancer effect in PC-3 xenografts

The therapeutic effects of systemic administration of Bcl-xL
siRNA with or without atelocollagen were also tested by intrave-
nous injection of Bel-xL siRNA into the tail veins of mice bearing
PC-3 xenografts. Systemic administration of Bcel-xL siRNA/atelo-
collagen complex significantly suppressed tumor growth (p <
0.001), and showed a greater inhibitory effect when in combina-
tion with CDDP (Figs. 6b, 6¢). On the other hand, systemic
administration of a naked Bcl-xL siRNA showed no effect on tu-
mor growth. As shown in Figure 6d, the xenografts treated with
systemic administration of Bcl-xL siRNA with atelocollagen plus
CDDP showed more TUNEL-positive cells compared with Bel-xL
siRNA-SCR with atelocollagen plus CDDP.
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