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expressed in ureteric bud-derived structures in fetal and adult
kidney and re-expressed in injured proximal tubule cells
(35,38). One hypothesis to explain the re-expression in cells of
different origin in disease is that the regenerating proximal
tubule cells are dedifferentiated and have different
characteristics.

LIF is a member of the IL-6 family, which also includes
IL-6, IL-11, oncostatin M, cardictrophin-1, and CNTFE. IL-6
family members share the same intracellular signaling system,
gp130/JAK/STAT (39). To our knowledge, there have been no
reports on involvement of LIF in epithelial cell regeneration.
However, two members of the IL-6 family, IL-6 and CNTF,
have been shown to participate in renal tubule cell regeneration
after kidney injury. Administration of IL-6 stimulates tubule
regeneration after glycerol-induced acute renal failure (40),
and CNTF has been shown to be involved in renal tubule
regeneration after ischemia-reperfusion injury (33). These ob-
servations suggest the importance of the role of the IL-6 family
in renal tubule cell regeneration. LIF itself has been shown to
prompt the regeneration processes after damage to other cells
and organs, including neurons (41), the liver (42), heart (43),
and muscle (44). In this study, we showed that LIF expression
is upregulated after an ischemic insult and that its expression is
localized in BrdU-positive, proliferating proximal tubules.
These findings provide evidence in support of our hypothesis
that LIF participates in renal tubule regeneration after renal
injury.

To clarify the role of LIF in the regeneration of tubular cells,
we utilized the reversible in virro model of ATP depletion in
NRK 52E cells. The cell injory caused by ATP depletion is
thought to mimic the effect of ischemia in vive, and the
recovery phase after ATP depletion is thought ta reproduce the
regeneration (45). With this in mind, we used anti-LIF neu-
tralizing antibody to examine the role of LIF in the mitogenic
response during the recovery phase from injury. The blocking
of endogenous LIF with anti-LIF neutralizing antibody signif-
icantly reduced cell number and DNA synthesis after recovery
from ATP depletion, and the mitogenic effect of endogenous
LIF appeared to be specific to the post-injury period, since
anti-LIF antibody had no effect on non-injured NRE 52E cells.
Tubular cell proliferation is the hallmark of early regeneration
after ischemic renal injury (29), and the results of the in vitro
study provide strong support for the hypothesis that LIF plays
a pivotal role in renal epithelial regeneration after injury.

In conclusion, we have demonstrated that LIE expression in
the kidney is transiently upregulated after an ischemic insult.
The greatest increase in LIF occurred in the damaged proximal
tubnles in the outer medulla, and LIF protein was co-localized
with the proliferation marker BrdU. The blockade of endoge-
nous LIF also reduced the regeneration after in vitro injury. On
the basis of these findings as well as cur observations in the
developing kidney, we concluded that the LIF/LIFR axis is
reactivated during renal regeneration after /R injury and that it
may recapitulate the developmental process to restore organ or
tissue function.
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Specific treatment of chronic progressive renal dis-
ease is very limited. TGF-f8, considered as the major
cytokine causing tissue scarring, must be activated
extracellularly before it can bind to its receptors.
Thrombospondin-1 (TSP1) has been identified as an
activator of latent TGF-# in in vitro systems and in
pancreas and Iung homeostasis in mouse pups in
vivo, but whether this is also true in inflammatory
fibrotic disease is unknown. We examined a rat model
of mesangial proliferative glomerulonephritis, where
TGF-8 has been demonstrated to mediate renal fibro-
sis. In this study, antisense phosphorothioate oligo-
nucleotides against TSP1 were successfully trans-
ferred into almost all glomeruli of perfused diseased
kidneys and markedly inhibited de novo synthesis of
TSPL. This effect was accompanied by decreased acti-
vation but not expression of TGF-§ and by the inhi-
bition of the TGF-f-dependent smad-signaling path-
way, as well as transcription of TGF-f target genes
such as EDA-fibronectin, resulting in a markedly sup-
pressed accumulation of extracellular matrix. In
sharp contrast, neither glomerular cell proliferation
nor influx of macrophages was affected by this ther-
apy in experimental mesangial proliferative glomer-
ulonephritis. These results demonstrate that TSP1 is
the major endogenous activator of TGF-8 in experi-
mental inflammatory kidney disease. (Am J Patbol
2003, 163:1185-1192)

During renal disease progression, extracellular matrix ac-
cumulation is the common hallmark of basically any renal
process causing end-stage renal failure in man. Currently
no specific and effective antifibrotic therapy for chronic
progressive renal dissase is available. Mesangial prolif-

erative glomerulonephritis, the most common type of glo-
merulonephritis in the western world, is characterized by
mesangial cell (MC) proliferation, activation, extracellular
matrix expansion,? and progression to end-stage renal
disease for up to 50% of the patients.®

The role of TGF-B8 as a major profibrotic cytokine in
various fibrotic diseases in multiple organ systems and in
particular in experimental renal disease has been well
established.* TGF-8 mRNA and protein are increased in
experimental mesangial proliferative glomerulonephritis
in the rat, the anti-Thy1 model.® Direct blockade of TGE-8
action by multiple techniques markedly reduced extra-
cellular matrix accumulation,®=2 while mice transgenic for
an active form of TGF-£1 developed progressive renal
disease characterized by MC matrix accumulation and
interstitial fibrosis.'® Evidence for the central impartance
of TGF-B in mediating fibrosis in human kidney disease is
well supported by the widespread correlation of TGF-g
up-regulation with extracellular matrix excess in any type
of human kidney disease.'” While these studies suggest
great benefit from suppression of TGF-8 function in fi-
brotic kidney disease, it must be taken into account that
TGF-B is a multifunctional cytokine that exhibits other
essential functions in mammals. Mice lacking either the
TGF-81, -2, or -3 gene do not survive beyond a few
weeks after birth, 2" demonstrating that accurate reg-
ulation of TGF-8 seems to be critical for the health of
mammals. Therefore, any anti-TGF-81 therapeutic ap-
proach should target the local overproduction (function)
of TGF-B as specifically as possible.’2

Considering the widespread distribution of TGF-8 in
most cell types, TGF-B8 action is best controlled via its
local activation process.'™ ' TGF-g8 is secreted by
most cell types as a latent, inactive procytokine complex
that consists of the mature, active TGF-8 protein non-
covalently bound to a dimer of its N-terminal propeptide,
the so-called latency-associated protein (LAP), and vari-

Supported in part by a grant from the Deutsche Forschungsgemeinschaft
(SFB 423, TP BS) and the BMBF-IZKF project B30,

Fortions of this work were presented at the American Society of Ne-
phirology annual meeting, Philade!phia, November 1-4, 2002 (J Am Soc
Nephrol, 2002).

Accepted for publication May 30, 2003.

Address reprint requests to Christian Hugo, M.D., Division of Nephrol-
ogy, Universitat Erlangen-Nurnberg, Loschgestr. 8, 31054 Erlangen, Ger-
many. E-mail: Christian.Huge@rzmail.uni-erlangen.de.

1185



1186 Daniel et al
AJP September 2003, Vol. 163, No. 3

I | pertiado e

an n pSy)
Thyl with ODN/ glemetular
model lectroporation isplation

Vo v,
T T T

0 2 7

Figure 1, Experimental design of the study.

ably to a latent TGF-g binding protein (LTBP).'S While
various playersimechanisms have been identified to ac-
tivate TGF-8 under i vifro conditions, very little is known
about TGF-g activation in an inflammatory process in
ViVO.15-1T

Racent data suggest that the homotrimeric extracellu-
lar-matrix protein TSP1 is an activator of TGF-g1 i vitro in
different cell systems, including MC, as well as in cell-free
systems."®"20 |t has been demonstrated that TSP1 forms
a trimolecular complex with the latent TGF-B procytokine
leading to a non-proteclylic activation process that allows
binding of TGF-8 to its receptors.'”-2? Comparing TSP1
null mice with TGF-81 null mice, TSP1 was identified as a
major activator of TGF-81 in pancreas and lung ho-
meostasis in mice pups in vive.2"22 Nevertheless, the
phenotype of TSP1 null mice is much milder compared to
TGF-B1 null mice, TSP1 null mice are healthy and have a
normal life expectancy.?'22 TSP1 expression in vitro is
regulated by various cytokines such as PDGF, FGF-2, or
TGF-8, and is frequently expressed de novo at sites of
inflammation and wound healing.22 In various experimen-
tal renal disease models, TSP1 expression co-localizes
with TGF-8 and predicts the development of tissue fibro-
sis.®* In the anti-Thy1 model of mesangial proliferative
glomerulonephritis, a marked transient de nove expres-
sion of TSP1 by MC is regulated by FGF-2 and PDGF and
coincides with the up-regulation of TGF-g1.5%°

In this study, we examined the role of TSP1 in experi-
mental inflammatory renal disease as a potential endog-
enous activator of TGF-B. Therefere, by using the hem-
agglutinating virus of Japan (HVJ)-liposome and the
electroporation method of transferring phosphorothioate
oligenuclectides {ODN) against TSP1 into renal glomeruli
in vivo, we investigated whether specific inhibition of TSP
would be a feasible approach for the treatment of inflam-
matory renal disease in vivo.

Materials and Methods

Phosphorothioate Oligonucleotides against
TSP1 in MC in Vitro

Antisense and control (scrambled) phosphorothigate oli-
gonuclectides of 14 to 25 base-length against TSP1 were
designed using A and T rich sequences avoiding accu-
mulation of more than 4 G/C bases and alignments to
other known sequences. Oligonucleotides were manu-
factured by MWG Biotech (Ebersberg, Germany).
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Figure 2. Transfer of phosphorothicate ODN against TSP1 in cultured MC
inhibits glomerular TSP1 expression. FITC-Tabeled phosphorothioate ODNs
against TSP1 were successfully transferred into nuclei of cultured MC {(A). CFf
11 non-cross-reacting antisense sequences, five ODNs were able to block
FCS-mediated TSP1 induction in cultured MC compared to stimulated cells
using transfection reagent without ODNs {pC) {B), Non-stimulated but Ef-
fectene-treated MG expressed no TSP1 {nC). The two most effective QDN
sequences (number 2 and 11) were chosen for the 7 pivo experiments.

Eleven different non-cross-reacting antisense se-
guences against TSP1 were designed and tested regard-
ing its ability to block fetal calf serum (FCS)-mediated
TSP1 induction in cultured MC (Figure 2). After starvation
for 48 hours in serum-free Dulbecco’s modified Eagle's
medium (DMEM), MC were transfected with 8 umolfL
ODNs using Effectene transfection reagent {Qiagen,
Hilden, Germany) following the manufacturer's instruc-
tions. Transfection efficacy was monitored using flucres-
cein isothiocyanate (FITC)-labeled ODNs. TSP1 expres-
sicn was induced by addition of 10% FCS 2 hours after
transfection. Controls were treated with Effectene alone
with (pC) or without (nC) addition of FCS, Toxic effects
after transfection with ODNs could not be observed.

Animal Experiment

The experimental design is shown in Figure 1. Experi-
mental mesangial proliferative glomerulonephritis was in-
duced in 6 to 8 Sprague-Dawley rats per group (150 fo
200 g Charles River, Sulzfeld, Germany) by a single
injection of 1 mg/kg of the mouse monoclonal anti-Thy1
antibody 1-22-3. On day 2 after disease induction, de
novo expression of TSP1 was targeted by the selective
transfer of specific phospharothioate QDN inte renal glo-
meruli via left renal artery perfusion. Either the HV-lipo-
some method or electroporation of the left kidney using
oval-shaped electrodes and electric pulses (six 75-V
pulses of 100-ms duration each with 200-ms intervals)
was used as described recently.?® Pilot studies using
Cy3-labeled antisense oligonuclectides against TSP1 in-
vestigated the effectiveness of the CDN transfer in the left
kidney via electroporation or via the HVJ-lipocsome
method at a 10’ biopsy. At the same timeg, the non-
perfused right kidneys were also examined regarding
potential transfer of Cy3-positive ODNs via the circula-
tion, On day 7, parts of the perfused left kidneys were
also used for glomerular isolation,®® total RNA prepara-



tion, and real-time RT-PCR evaluation for EDA-fibronectin
mRNA.

Since only a single kidney (left} was selectively af-
fected by the transfer of TSP1 antisense oligonuclectides,
functional parameters such as proteinuria and creatinine
clearance were not determined. In renal biopsies, the
number of infiltrating macrophages, the number cf prolif-
erating MC, the expression of the contractile protein
a-smooth-muscle actin as a marker of MC activation, and
the expressicn of active TGF-3, total TGF-g1, total TGF-
B2, TSP1, and the glomerular number of nuclei positive
for the phosphorylated Smad2/3 protein as a marker of
TGF-B activation, as well as of extracellular-matrix pro-
teins such as collagen |, collagen IV, and fibronectin were
determined.

A second independent experiment was performed in
an identical manner as described above using six rats
per group. Seven days after disease induction, glomeruli
of the left (antisense- or scrambled-treated) or right (con-
trol} kidney were isolated and glomerular TGF-B activity
determined using an established PAI-1 luciferase bioas-
say system,?” as described below,

Renal Morphology and Immunohistochemistry

Renal biopsies were fixed in methyl Carnoy's soluticn,
embedded in paraffin, and cut into 5-um sections for
indirect immunoperoxidase staining as described else-
wherg 2425

The following antibodies were used in this study: a
murine IgM monoclonal antibody (mAb)} against the pro-
liferating cell nuclear antigen {PCNA) (19A2; Coulter Im-
munology, Hialeah, FL), ED-1, a murine IgG,; mAb to a
cytoplasmic antigen present in monocytes, macro-
phages, and dendritic cells (Serotec Ltd., Oxford, UK);
0OX-7, a murine |gG, mAb gpecific for mesangial cells
(Serotec); and a-smooth-muscle actin, a murine IgG,
mAb specific for activated MC {Sigma Chemical Co, St.
Louis, MO). Immunostaining for matrix proteins was con-
ducted with polyclonal antibodies to collagen | {rabbit
anti-rat collagen |; Quartett, Berlin, Germany}, collagen IV
(geat anti-human/bovine collagen IV; Southern Biotech-
nology Associates, Inc., Birmingham, AL), active TGF-81
(chicken anti-human active TGF-81; R&D systems, Wies-
baden-Nordenstadt, Germany),?® TGF-g1 (rabbit anti-hu-
man TGF-B1; Santa Cruz Biotechnology Inc., Santa Cruz,
CA),%* TGF-B2 (rabbit anti-hurman TGF-B2; Santa Cruz
Biotechnology),2* and a murine IgG, mAb against TSP1
(Dunn, Labortechnik GmbH, Asbach, Germany),
P-Smad?2/3 (rabbit anti-human Smad2 peptide phosphor-
ylated at Ser-433/435; Santa Cruz). Negative controls for
immunostaining included either deleting the primary an-
tibody or substituting the primary antibody with equiva-
lent concentrations of an irrelevant murine monoclenal
antibody or preimmune rabbit/geat 19G.

For each biopsy, 40 to 70 cortical glomerular cross-
sections containing more than 20 discrete capillary seg-
ments each were evaluated in a blinded fashion as de-
scribed previously.2>* Two different scores were used
for quantification. The first one ranged from Oto 4; 0 =

TSP-1 Is a Major Activator of TGF-8 in Vivo 1187
AJP September 2003, Vol. 163, No. 3

glomerulus without any positive staining, 1 = glomerulus
with up to 25% positive staining,-2 = glomerulus with 26%
to 50% positive staining, 3 = glomerulus with 51% to 75%
pasitive staining, 4 = glomerulus with 76% to 100% pos-
itive staining. For the 0 to 10 score the biopsies were
scered in 10% ranges. In addition, most parameters have
also been evaluated by computerized morphometry (Vis-
itron Systems Gmbh, Puchheim, Germany). In addition,
the average number of ED-1-positive macrophages per
glomerular cross-section was determined.

Immunohistochemical Double-Staining

To determine the number of proliferating MC, double
immunostaining for PCNA, a marker of cell proliferation,
and for OX-7 (MC-specific) was perfermed as described
previcusly.S

TGF-B Activity

Since detergents used for protein extraction of glomeruli
may lead to unspecific activation of TGF-g8, isolated glo-
meruli (8000/mi medium) from day 7 animals were incu-
bated for a 24-hour period in assay medium (DMEM
supplemented with L-glutamine and peniciilin/streptomy-
cin) at 37°C and 5% CO,. The amount of secreted active
(direct) and total (after heat stimulation at 80°C for 10
minutes) TGF-B in glomerular supernatants was deter-
mined by an established bioassay using PAI-1 luciferase
reporter cells as described previously.?” Mink lung epi-
thelial cells (clone 32) stably transfected with the TGF-8
response element of the human plasminogen activater
inhibitor-1 (PAl-1} gene promoter fused to firefly lucif-
erase reporter gene were a generous gift from Dr, D. B.
Rifkin (New York University Medical Center). Cells were
maintained in DMEM supplemented with 10% calf serum,
L-glutamine, and 200 pg/ml G418. Briefly, Mink lung
epithelial cells were plated into 96-well tissue culture
plate at 2.2 X 105 cells/ml and incubated for 3 to 4 hours
for optimal attachment. After aspiration cf the growth
medium from the attached cells, 56 u! of assay medium
and 50 p! of sample or standard were added followed by
overnight incubation at 37°C. After incubation, cells were
lysed with lysis buffer at room temperature for 20 minutes.
Lysates were analyzed for luciferase activity using a lu-
minometer after the injection of 100 w! of substrate sofu-
tion and recorded as relative light units. The mean values
of triplicate samples were cenverted into concentrations
of TGF-g using a standard curve (0.5 to 500 pmol} ob-
tained with human recombinant TGF-81 {(R&D Systems).

Real-Time Quantitative RT-PCR

RNA, used for quantitative RT-PCR, was purified from
isclated glomeruli pooled from either antisense-ODN- or
scrambled-ODN-treated kidneys using Trizol following
manufacturer's instructions and treated with DNase to
aveid DNA contamination. Reverse transcription was per-
formed using TagMan reverse-transcription reagents
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(Applied Biosysterns, Weiterstadt, Germany) following
manufacturer's instructions.

Real-time RT-PCR was performed on a TagMan ABI
7000 Sequence detection system using the Mastermix
(all from Applied Biosystems). After an initial hold of 3
minutes 85°C samples were cycled 40 times at 85°C
for 15 seconds and 60°C for 60 seconds. The cDNA
content of each sample was compared with B-actin as
a housekeeping gene following the AACK technique.®® For
EDA-fibronectin a fluorescence-labeled probe was used
(forward primer 5'-TCAGAACCGGAACGGAGAAA-3'; re-
varse primer 5-ACATACGTGAATGCCAGTCCTTT-3;
FAMTAMRA-labeled probe 5-TGGTTCAGACTGCAGT-
GACCAACATTGA-3"). Housekeeping gene B-actin was
quantified using the SYBR-Green method (forward primer
5'-CTGGTGTGGATTGGTGGCTCTA; reverse primer
5'-CTGCTTGCTGATCCACATCTG-3").

Statistical Analysis

All values are expressed as mean * SD. Stafistical sig-
nificance (defined as P < 0.05) was evaluated using
Student’s f-test or one-way analysis of variance with mod-
ified t-test using the Bonferroni method.

Results

Transfer of Phosphorothioate ODN against
TSP1 in Cuttured MC Inhibits Glomerular TSP1
Expression

Using effectene as a transfer reagent, FITC-labeled phos-
phorothioate ODNs against TSP1 were successiully trans-
ferred into nuclei of cultured MC (Figure 2A). Transfection
efficacy was about 80% of all cultured MGC. Of eleven non-
cross-reacting antisense sequences, five ODNs were able
to block 10% of FCS-mediated TSP induction in cultured
MC (Figure 2B, numbers 2, 4, 8, 10, 11).

Transfer of Phosphorothioate ODN against
TSP1 into Glomerulonephritic Rats Inhibits
Glormerular TSP1 Expression

The two most effective ODN sequences (5-TTCTCCGT-
TGTGATTGAA-3', 5'-CACCTCCAATGAGTT-3") in cul-
tured MC were chosen for the in vivo experiments and
compared to scrambled control oligos (5-TGTTATC-
CGAGTTCGATT-3, 5-ACATTCGCTTCACGA-3') (Figure
3). In pilot studies, successful transfer of Cy3-labeled
phosphorcthioate ODN against TSP1 was demonstrated
in almost 100% of glomeruli (Figure 3A) on day 2 of
nephritis by the renal electroporation method, while the
HVJ-liposome methed only targeted about 70% of the
glomeruli®® Therefore, all data presented regarding
transfer of oligonucleotides against TSP1 stem from ex-
periments applying the electroporation method on day 2
and collecting both the perfused left kidney and the
non-perfused right kidney on day 7. Since renal artery
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Figure 3. Transfer of phosphorothicate ODN against TSP1, but not scram-
bled ODN, into glomerulonephritic rats inhibits glomerular TSP1 expression.
In all figures treated kidneys (solid bars) were compared to nonftreated
control kidneys (open bars). On day 2 after disease induction, successful
transfer of Cy3-labeled phosphorothioate QDN zgainst TSP was demon-
strated in almost 100% of glomeruli {A) of the left kidney, but none of the
right kidney (not shown). Transfer of antisense oligonuclectides selectively
Inhibited de novo expression of glomerular TSP1 protein in the perfused left
kidney on day 7 by more than 60% compared to the non-perfused right
kidney, while gene transfer of scrambled control oligonucleotides did not
alter glomerular TSP1 expression (B, evaluated by scoring; C, evaluated by
computerized morphometry). Representative examples of unaltered TSP1
expression by scrambled ODNs (D) versus reduced TSP1 expression by
antisense ODNs (E) are demonstrated by the extent of dark gray immuno-
staining within glomeruti. The * marks significant differences {£ < 0.01) of
antisense groups versus the control (scrambled) group.

perfusion is solely done via the left kidney and no Cy3-
positive fluorescence from ODNs was detected in the
contralateral right kidney, the right kidney functions as an
ideal internal control for this treatment in addition to the
scrambled control ODNSs. Transfer of antisense oligonu-
cleotides (using two different types) selectively inhibited



glomerular TSP1 protein content (by immunostaining) of
the left kidney on day 7 by more than 60%, compared to
the non-perfused right kidney, while gene transfer of
scrambled control oligonuclectides did not alter glormer-
ular TSP1 expression (Figure 3, B to E).

Transfer of Phosphorothioate ODN against
TSP1 Decreases Activation but Not Expression
of TGF-B in Nephritic Glomerul

If the de novo-expressed TSP1 activates TGF-8 in the
anti-Thy1 mode!, glomerular TGF-8 activity but not total
TGF-B expression should be reduced in treated rats.
Glomerular TGF-81 or TGF-82 protein (by imrmunostain-
ing) was not changed in any group of nephritic rats,
confirming specific targeting of TSP1 by gene therapy
(Figure 4, A and B). In addition, no change in the glomer-
ular total TGF-B81 content of the left versus right kidney
was detected in either scrambled- or antisense-treated
rats when the PAl-1 luciferase reporter bioassay system
was used (Figure 4C). In contrast, TSP1 antisense but not
scrambled therapy reduced the active fraction of glomer-
ular TGF-B secretion by 50% compared to the untreated
right kidney (Figure 4C). In addition, active TGF-8 in
nephritic glomeruli was determined by two different im-
munostaining methods: First, using an antibody recog-
nizing the active form of TGF-B1 (Figure 4D) and sec-
ondly, using an antibody specific for the phosphorylated
form of the TGF-8 signal-transduction molecule Smad 2/3
(Figure 4H). In agreement with the bicassay results, an-
tisense but not scrambled ODN therapy was associated
with a markedly decreased glomerular TGF-g8 activity in
the left kidney as reflected by immunostaining for active
TGF-p1 (Figure 4E, using a semiquantitative scoring sys-
tem; and 4F, by computerized merphometry) and by a
marked reduction of glomerutar cells showing positive
nuclei for the TGF-g-signaling maolecule phospho-
Smad?2/3 (Figure 4G).

Transfer of Phosphorothioate ODN against
TSP1 Inhibits Glomeruiar Extracellular Matrix
Accumulation and MC Activation

Next, the influence of TSP1-blocking therapy on a typical
TGF-B-dependent matrix gene such as EDA-fibronectin
was investigated using real-time PCR detection from ne-
phritic glomeruli. Antisense therapy against TSP1 mark-
edly inhibited transcript expression of EDA-fibronectin in
isolated glomeruli from nephritic rats on day 7 (Figure
5A). In addition, glomerular ECM accurnulation on day 7
as determined by immunostaining for collagen IV was
inhibited by antisense but not by scrambled ODN therapy
against TSP1 (Figure 5, C to F). Similar results were
obtained by evaluating the glomerular accumulation of
collagen 1 in antisense- or scrambled-treated animals
(Figure 5, G and H}. Glomerular de novo expression of
smocth-muscle actin during glomerulonephritis is consid-
ered a sign of MC activation. Decreased glomerular
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Figure 4. Transfer of phosphorothioate ODN against TSP1 decreases activa-
tion, but not expression of TGF-8 in nephritic glomeruli. In all figures weated
kidneys (solid bars} were compared to nontreated control kidneys (open
bars). Glomerular TGF-A1 or TGF-$2 protein {by brown immunostaining)
was not changed in any group of nephritic rats (A and B). In agreemen,
equal levels of total TGF-B levels were determined using the PAI-1 luciferase
assay. Active TGF-8 levels were significantly teduced in the antisense-treated
kidneys (C). Additionally, active TGF-$ in nephritic glomeruli was deter-
mined by an antibody specifically recognizing the active form of TGF-81 (D,
gray cytoplasmic staining) and by an antibody specific for the phosphory-
lated form of the TGF-B signal-transduction molecule Smad 2/3 (H, black
nuclear staining; arrowheads indicate examples for P-Smad2/3-positive
nuclei). Inhibition of TSP1 expression after antisense ODN therapy but not
scrambled ODN therapy was associated with a markedly decreased glomer-
ular TGF-B activity in the left kidney as reflected by immunostaining for
active TGF-B1 (E, evaluated by scoring systern; F, evaluated by computerized
morphometry) and by a marked reduction of glomerular cells showing
positive nuclet for the TGF-B signaling molecule phospho-Smad2/3 (G). *
marks significant differences (P < 0.01) of antsense groups bersus the
controf {scrambled) group.

TGF-B activity by the TSP1 antisense- but not by scram-
bled-ODN transfer technique was accompanied by a
marked reduction in MC activation determined by
smooth-rmuscle-actin staining (Figure 5B).
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Figure 5. Transfer of phospherothioate ODN against TSP1 inhibits glomer-
ular extracellular mawix accumulation and MC activation. In zll figures
treated kicneys (solid bars)} were compared 10 nontreated control kidneys
(open bars). EDA-fibronectin mRNA, a typical TGF-S-<lependent matrix
gene, was quantified via quantitative real-time PCR in pooled isolated glo-
meruli comparing scrambled- with antisense-treated kidneys. Antisense ther-
apy against TSP1 almost completely abolished transeript expression of EDA-
fibronectin in isolated glomeruli from nephritic rats on day ¥ (A). Glomerular
ECM accumulation on day 7 as determined by immunostaining for collagen
IV (€ and D) or ¢ollagen 1 (G and H) was markedly Inhibited by antisense
but not by scrambled ODN therapy against TSP1. E: A representative picture
of glomerular collagen IV accumulation {(dark gray immunostaining) in
antisense-treated rzts; F shows typical collagen IV expression in scrambled-
treated rats on day 7. Glomerular de novo expression of smooth-muscle actin
during glomerulonephritis, a marker of MC activation, was decreased by the
TSP1 antisense but not by scrambled ODN transfer (B), Matrix accumulation
was either evaluated by scoring system (C and G) or by computerized
morphometry (B, D, H). * marks significant differences (P < 0.01) of
antisense groups versts the control (scrambled) group.

Transfer of Phosphorothioate ODN against
TSP1 Affects Neither Glomerular Proliferation
Nor Influx of Macrophages in Nephritic Rats

Since TGF-B has been shown to inhibit MC proliferation int
vitro®® we also examined if a reduced TGF-8 activity in

nephritic animals is accompanied by an increased pro-
liferative response of MC in vivo. Despite alteration of
TGF-B activity and matrix formation, MC proliferation {by
double immunostaining for PCNA and OX-7) was un-
changed by either TSP1 antisense therapy (left kidney
7.6 = 1.1 versus untreated right kidney 7.8 = 1.3) or
scrambled therapy (left kidney 7.2 * 0.6 versus untreated
right kidney 7.2 = 0.5).

Although TGF-8 is a potential chemotactic attractant
for monocytes/macrophages,?! the number of ED-1-pos-
itive monocytes/macrophages per glomerular cross-sec-
tion were not altered by either TSP1 antisense therapy
(left kidney 1.5 * 0.3 versus untreated right kidney 1.8 =
0.5) or scrambled therapy (left kidney 1.6 = 0.4 versus
untreated right kidney 1.9 * 0.3).

Discussicn

TGF-B is considered the major cytokine that causes tis-
sue fibrosis in many different inflammatory disease pro-
cesses, in particular in renal disease.* TGF-8 is secreted
by most cells as a latent procytokine complex that re-
quires extracellular activation befcre it can interact with
ite receptors.’® Despite great interest in therapeutic anti-
TGF-B strategies to treat fibrotic disease, the mechanism
of TGF-B activation in an inflammatory process in vivo is
still incompletsly defined.

The major finding in the current study was that TSP1 is
an important endogencus activator of TGF-8 in this ex-
perimental inflammatory kidney disease model. Anti-
sense phosphorcthicate ODN against TSP1 were suc-
cessfully transferred into almoest all glomeruli of perfused
diseased kidneys and markedly inhibited de novo synthe-
sis of TSP1. This effect was accompanied by decreased
activation but not expression of TGF-8, and by the inhi-
bition of the TGF-g-dependent smad-signaling pathway
as well as transcription of TGF-8 target genes such as
EDA-fibronectin, resulting in a markedly suppressed ac-
curnulation of extraceliular matrix, In sharp contrast, glo-
merular endothelial or mesangial cell proliferation was not
affected by this therapy in experimental mesangial pro-
liferative glomerulonephritis.

Comparing the degree of TSP1 inhibition via this ther-
apy with the decrease of glomerular TGF-8 activation and
extracellular rmatrix formation in this experiment, the data
presented here suggest that TSP1 is not just one of many,
but rather is the major activator of TGF-B in this model.
Nevertheless, participation of other activators of TGF-8 or
direct secretion of the active cylokine by glomerular cells
cannot be completely excluded. The beneficial effects as
demoanstrated in this study are in agreement with previ-
ous studies antagonizing TGF-8 by antibodies, decorin
injections, or gene therapy.%-°

Nevertheless, therapeutic antifibrotic strategy target-
ing TSP1-mediated activation of TGF-8 rather than non-
specific, systemic blockade of TGF-8 ligand-receptor in-
teractions may have an advantageous side-effect profile,
because basal TGF-8 activity and/or alternate activation
pathways of TGF-B in other systems/organs may not be
affected. A general and complete inhibitionflack of TGF-8



can lead to serious consequences, while a general and
complete inhibition of TSP-1 may not. This concept is
supported by the major differences in the biology of TSP1
and TGF-g1 null mice.'®2*22 Dye to a multifactorial dys-
regulation of the immune system,’? TGF-g1 null mice
show a generalized, excessive autoinflammatery pheno-
type that results in early death. The contrasting mild
phenotype and normal life-span of TSP1 null mice may
reflect the fact that these animals show a reduction but
not a complete fack of TGF-8 activity in some organs.?* In
addition, mice with deletion of one allele of TGF-81 and
reduced TGF-81 levels have an increased cell turnover
and a susceptibility to tumorigenesis in liver and lung,®?
which is lacking in the TSP1 null mice. Maximal specificity
of the anti-TSP1 treatment relates to the fact that TSP1-
mediated TGF-8 activation requires a direct interaction of
secreted TSP1 and TGF-g in a complex extracellular
neighborhood and that TSP1 is tightly regulated in dis-
ease, In contrast, the latent TGF-8 procytokine-com-
plexes and the TGF-B receptors are highly and widely
expressed in most tissues,® but little TGF-8 is prasent in
its biclogically active form, supporting the concept of
critical regulation of TGF-B action by its activators. This
concept is additionally supported by the fact that in vive
gene transfer of the constitutively active TGF-81 gene
into the lung of rats caused extensive fibrosis, while cver-
expression of the latent TGF-B1 transgene did not.3* In
this context, it is interesting that even in gloemeruli of
anti-Thy1 diseased rats with increasad matrix production,
most of the TGF-B appears to be still in its latent form and
that the reduction of the active fraction by about 50% via
TSP1 inhibition was able to markedly reduce matrix ac-
curnulaticn. TSPt perfectly fits into the role of a tightly
regulated, local activator of TGF-B that is induced by
other cytokines such as PDGF and FGF-2 as well as
potentially TGF-8 in response to glomerular injury,® while
in the normal rat glomerulus, TSP1 expression is below
detection level.

TSP1 is able to activate TGF-g1 and TGF-£2.%° Since
both glomerular TGF-81 and TGF-82 are increased in the
anti-Thy1 model, it cannot be excluded by this study that
the effect of the blocking peptide treatment is due to
Inactivation of both TGF-81 and/or TGF-B2. Nevertheless,
the therapeutic effect seen by TGF-81 inhibitiont in previ-
ous studies®® was very similar to the effects of blocking
TSP1 as shown here.

MC proliferation is characteristic of many glomerular
diseases and frequently linked to extracellular matrix ac-
cumulation.? Although TGF-g inhibits cell proliteration in
vitro in different cell types including MGC®%2® and has
been suggested as a potential endogenous inhibitor of
MC proliferation in glomerulonephritis, the pathophysio-
logical role of TGF-8 in regard to mesangial cell prolifer-
aticn in experimental glomerulonephritis is still controver-
sially discussed. *-21% Degpite reducing TGF-8
activity, TSP1 antisense-CDN treatment did not affect the
profiferative response of the diseased glomeruli, sug-
gesting that cellular proliferation and matrix accumula-
tionffibrosis can be dissociated and that TGF-8 is not an
endogenous inhibitor of glomerular proliferation in this
glomerulenephritis model,
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Influx of monocytes/macrophages into the glomerulus
is also an important feature of glomerular disease. in vivo
and in vitro studies have shown that TGF-g1 can he
chemotactic for moncnuclear cells and it can reduce
macrophage adhesiveness, which potentially teads to
increased clearance from inflammatory sites.3' Neverthe-
less, TSP1 antisense treatment in this study did not affect
macrephage accumulation in glomeruli in the anti-Thy1
model,

in conclusion, TSP1 is a tightly regulated major endog-
encus activator of TGF-8 in an inflammatory glomerulo-
nephritis model in the rat. The TSP1-mediated activation
of TGF-B is responsible for the major part of the glomer-
ular matrix formation eccurring in this model, but does not
affect MC/GEN proliferation or macrophage accumula-
tian. The widespread link of TSP1 and TGF-8 in several
different experimental renal disease models as well as in
human kidney disease'?*%7 suggests a central role of
TSP1 in mediating renal/ftissue fibrosis through interaction
with latent TGF-8, but future studies have to prove this
concept in a broader range of fibrotic diseases. Never-
theless, the specific inhibition of TSP1-mediated TGF-8
activation in inflammatory disease as demonstrated in
this study may prove to be an especially favorable ther-
apeutic approach considering the well-known long-term
side effects of a generalized non-specific blockade/de-
letion of TGF-B in mice.
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Macrophage Metalloelastase as a Major Factor for Glomerular
Injury in Anti-Glomerular Basement Membrane Nephritis®

Yoshikatsu Kaneko,**" Minorn Sakatsume,* Yuansheng Xie,* Takeshi Kuroda,*
Michikoe Igashima,” Ichiei Narita,* and Fumitake Gejyo*

Rat anti-glomerular basement membrane (GBM) nephritis is a model of crescentic glomerulonephritis induced by injection of
anti-GBM antiserum. To elucidate the mechanism of glomerular injury, we analyzed the gene expression patterns in the kidneys
of anti-GBM nephritis rats using DNA arrays, and found that macrophage metalloelastase/matrix metalloproteinase (MMP)-12
was one of the highly expressed genes in the kidneys on days 3 and 7 after the injection of anti-GBM antiserum. Enhancement of
MMP-12 mRNA expression was confirmed by Northerm blot analysis, and in situ hybridization revealed that MMP-12 mRNA was
expressed in ED-1-positive macrophages and multinuclear giant cells in the glomeruli with crescent. Moreover, these cells were
positive with anti-rat rMMP-12 Ab on the section of the kidneys of anti-GBM nephritis rats on day 7. To clarify the role of
MMP-12, we conducted a neutralization experiment using anti-rat rMMP-12 Ab, which had an ability to inhibit rMMP-12 activity
of degrading natural substrate such as bovine elastin or human fibronectin in vitro. Anti-rat rMMP-12 Ab or control Ig was
injected in each of six rats on days 0, 2, 4, and § after the injection of anti-GBM antiserum., Consequently, crescent formation and
macrophage infiltration in the glomeruli were significantly reduced in the rats treated with anti-rat rMMP-12 Ab, and the amount
of urine protein was also decreased. These results disclosed that MMP-12 played an important role in glomerular injury in a
crescentic glomerulonephritis model, and inhibition of MMP-12 may lead to a new therapeutic strategy for this disease. The
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at anti-glomerular basement membrane {(GBM)® nephritis is
R a model of crescentic glomerulonephritis induced by the
administration of anti-GBM antiserum. This model is char-
acterized by a rapid development of marked crescentic formation and
severe renal impairment, and is compatible with human rapidly pro-
gressive glomerulonephritis, which is one of the main causes of end-
stage renal diseases; its therapeutic strategy is still controversial.
The initial event of crescent formation is rupture of the capillary
tuft, followed by deposition of fibrin within Bowman’s space, and
accumulation of infiltrated macrophages through the ruptured cap-
illary tuft or from the interstitium, as well as the proliferation of
epithelial cells, and then epithelioid and giant cell transformation oc-
curs in the crescent (1). In crescentic glomerulonephritis, macro-
phages are reported to be one of the most important mediators of
glomerular injury and crescent formation (2, 3). Although many stud-
ies were conducted to elucidate the cellular and molecular factors in
glomerular injury, the precise mechanism is still unclear.
More recently, a few reports to investigate the pattern of gene
expression in the kidney in normal and diseased states were made
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with DNA arrays (4—6), but the precise roles of the expressed genes
in each model were not provided. In the present study, to investigate
the mechanism of glomenular injury, we compared the comprehensive
gene expression profiles of the kidneys in anti-GBM nephritis rats
with those of control rats using DNA arrays, which covered ~8800
kinds of probe. Conclusively, we discovered that macrophage met-
alloelastase/matrix metalloproteinase (MMP)-12 was one of the
highly expressed genes in this nephritis model.

Macrophage metalloelastase, which belongs to the MMP family,
was first discovered in thioglycolate-stimulated mouse peritoneal
macrophages (7). Murine MMP-12 ¢cDNA was cloned by Shapiro
et al. (8), and subsequently human and rat homologues of MMP-12
cDNA were also reported (9-11). MMP-12 has the ability to de-
grade extracellular matrix components by degrading elastin (12)
and also other basement membrane components such ag fibronec-
tin or collagen type V, but not gelatins (13, 14). Collagen type IV
or laminin is also degraded by murine or human MMP-12 (13, 14),
but not by rat MMP-12 (11). With these proteolytic activities, mac-
rophages are able to penetrate basement membranes and invade
several tissues (14). Various studies on the role of MMP-12 in
disease models have been reported to date, such as development of
lung emphysema (15), prevention of tumor growth through an-
giostatin generation (16, 17), or degeneration of aortic medium in
abdominal aortic aneurysm (18). But to date, few reports have
been made with respect to the role of MMP-12 in kidney diseases,

The aimn of the present study was to analyze the gene expression
profile in the kidneys of anti-GBM nephritis rat using DNA arrays
and to clarify the role of MMP-12, one of the highly ¢xpressed
genes in this crescentic glomerulonephritis model.

Materials and Methods

Animals

Male Wister-Kyoto rats (7 wk old} weighing 190-210 g were purchased
from Charles River Japan (Yokohama, Japan), and maintained in our an-
imal facility. Animal care was in accordance with the guidelines of Niigata
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University (Niigata, Japan). The rats were anesthetized by diethyl ether
inhalation and euthanized by exsanguinations after removal of the kidneys.
Renal tissue was fixed in 10% Formalin, embedded in paraffin, cut into
2-pm sections, and stained with periodic acid-Schiff (PAS) stain or peri-
odic acid-methenamine (PAM) stain for histological analysis.

Abs and reagents

Rabbit anti-GBM antiserum was prepared as previously described (193, To
obtain rabbit anti-rat tMMP-12 antiserum, 1 mg of histidine-tagged rat
rMMP-12 catalytic domain was produced (as described below), blended
with an equal volume of CFA, and injected s.c. twice in a rabbit Rabbit
preimmune serum, rabbit anti-GBM antiserum, and rabbit anti-rat
rMMP-12 antiserum were decomplemented by heating at 56°C for 30 min
and absorbed with an excess amount of erythrocyles from Wister-Kyoto
rats. For the induction of rat anti-GBM nephritis, anti-rat GBM antiserum
(200 pl, containing ~2 mg of IgG) was diluted with 500 ul of pathogen-
free PBS and injected iv. As a control for gene expression analysis by
DNA arrays, the same dose of rabbit preimmune serum was diluted and
administered the same way. For an experiment of neutralization against
MMP-12, anti-rat tMMP-12 antiserum was purified by precipitation with
50% ammonium sulfate, dialyzed against PBS, and adjusted to a concen-
tration of 10 mg/ml. For Western blot, inhibition of in vitro digestion by rat
™MMP-12, and immunohistochemistry, anti-rat tMMP-12 antiserum was
purified by immunoaffinity chromatography using HiTrap N-hydroxysuc-
cinimide-activated HP (Amersham Pharmacia Biotech, Buckinghamshire,
U.K.). To avoid the contamination of Abs reacting to histidine tag, rGST-
tagged MMP-12 catalytic domain was used as a ligand. The specificity was
tested against the catalytic domains of other MMP families, such as re-
combinant rat MMP-7, MMP-8, MMP-9, and MMP-11 by Western blot,
and no cross-reaction was observed.

RNA extraction and array hybridization

Cortexes of the kidneys were homogenized immediately after removal in
TRIzol reagent (Life Technelogies, Grand Island, NY), and the total RNA
was extracted. Poly(A)* mRNA was isolated from total RNA with an
Oligotex Direct mRNA Kit (Qiagen GmbH, Hilden, Germany), ¢cRNA syn-
thesis, array hybridization, and gene expression analysis were conducted,
as described previously (20). Hybridization and following washing and
staining procedures were performed with oligonucleotide arrays (rat ge-
nome U34A; Affymetrix, Santa Clara, CA} composed of 8800 rat genes
and expressed sequence tags, according to the manufacturer’s instructions.
Expression analysis was implemented using statistical algorithms in Mi-
croarray Suite version 5.0 (Affymetrix). Average difference was expressed
by the average of differences between the intensities of perfect match probe
cell and those of mismatch probe cell. Discrimination score was calculated
by the target-specific intensity difference of the probe pair {perfect match
probe cells minus mismatch probe cells) relative to its overall hybridization
intensity (perfect match probe cells plus mismatch probe cells). Then de-
tection p value was calculated by one-sided Wilcoxon's signed rank test to
compare each discrimination score. When the detection p value was >0.06,
it was determined to be absent.

Template preparation

To amplify cDNA of rat MMP-12 coding region (857 bp) by PCR, two
primers, 5'-CTCCCATGAACGAGAGCGAA-3’ as a forward primer, and
5"-CAGCCTCCACCAGAAGAACC-3' as a reverse primer, were used.
The PCR product was inserted into a pCR2.1-TOPO (Invitrogen, Carlsbad,
CA) cloning vector for Northern blot, or 2 pGEM-T (Promega, Madison,
W) cloning vector for in sim hybridization.

Northern biot analysis

Twenty micrograms of total RNA was loaded per lane and electrophoresed
on a 1.2% agarose gel containing formaldehyde and transferred to a nylon

MACROPHAGE METALLOELASTASE IN CRESCENTIC GLOMERULONEPHRITIS

FIGURE 1. Photomicrographs of representative kidney sections from
rats with anti-GBM nephritis on days 1 (8), 3 (€), and 7 (D and E) after the
injection of anti-GBM serum, or from untreated normal rat (A). Paraffin
sections were stained with PAS (A-D) or PAM (&). B, No remarkable
change except for slight endocapillary proliferation was observed on day 1
(arrow). C, Increased hypercellularity was apparent in some glomeruli on
day 3. D, Severe crescent formation with fibrin deposit (arrow) and mes-
angial cell proliferation were observed in about one-half of the glomeruli.
E, Rupwure of Bowman's capsule (arrow) and capillary wft (amrowhead)
was observed. (Criginal magnifications, X200.)

membrane. Alkaline phosphatase-labeled cDNA probe was synthesized,
hybridized with the RNA, washed, and detected using AlkPhos Direct La-
beling and Detection System with CDP-Star (Amersham).

In situ hybridization

In situ hybridization with rat MMP-12 mRNA was conducted as previously
described (21). For digoxigenin (Dig)-labeled probe synthesis, in vitro tran-
scription was performed using a Dig RNA labeling kit (SP6/T7; Roche, Mann-
heim, Germany). MMP-12 antisense cRNA probe and sense probe as a neg-
ative control were synthesized from the same template and used for
hybridization performed at 52°C for 16 h. The following immunological de-
tection procedure was performed using Dig nucleic acid detection kit (Roche).

Recombinant protein

Full length of rat MMP-12 catalytic domain ¢cDNA (546 bp) was prepared
by PCR with two primers: 5'-GGATCCCTTAGAGCAGTGCCCCAGAG

Table I Genes with elevated expression in the kidney of anti-GBM nephritis rats more than 6-fold

compared with those in control rats on day 1°

Gene Name

Accession Number

Fold Change of AVD

AVD of Cantro] Day 1-1 Day 1-2

Ig germline x-chain C region M1852%

2548, A 6.3 6.4

@ Expression levels of the two individual rats are presented as fold change of average differences compared with those of
control rats. When the detection p value was >0.06, it was determined to be absent (A). The accession number is the GenBank

enry. AVD, average difference.
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Table I.  Genes with elevated expression in the kidney of anti-GBM nephritis rats more than 6-fold

compared with those in control rats on day 3°

Fold Change of AVD

Gene Name Accession Number AVD of Control Day 3-1 Day 3-2
Macrophage metalloelastase X98517 508.6,A 159 18.1
IL-18 M%3820 7824,A 9.0 6.7
Plasminogen activator ichibitor-1 M24067 7720,A 838 10.2
Wee 1 tyrosine kinase D31838 221.3,A 8.3 62
Immediate-early serum-responsive JE gene X17053 1920.5 7.2 6.8
UDP glucuronosyltransferase D33062 288.4,A 6.6 72
EST232720 Al236158 7532 6.1 7.3

“ Expression levels of the two individual rats are presented as fold change of average differences compared with those of
cantrol rats. When the detection p value was >0.06, it was determined to be absent {A). The accession number is the GenBank

entry. AVD, average difference,

GTCA-3' as a forward primer, and 5'-GGATCCCTACACAGTTGATG
GTGGACTTCC-3' a5 a reverse primer. The PCR product was inserted into
a pCR2.1-TOPO cloning vector, digested with BamHI, and ligated into a
PQE-30 vector (Qiagen). This vector was transformed into Escherichia coli
strain JM109 (Toyobo, Osaka, Japan), and the production of 6X histidine-
tagged rat MMP-12 recombinant protein was induced by 1 mM of isopro-
pyl B-p-1-thiogalactopyranoside in 500 m] of Lennox Broth medium at
37°C for 3 b, and then the cells were lysed by sonication. After centrifu-
gation at 15,000 rpm for 30 min, the insoluble fraction was resuspended,
and affinity purification was performed using QlAexpress Type IV Kit
(Qiagen). For GST-tagged rat ’IMMP-12, a pGEX-6P-1 vector (Amersham)
was used as an expression vector. The production of GST-tagged rat
rMMP-12 catalytic domain was conducted the same way, and affinity pu-
rification was performed using GSTrap FF (Amersham).

Western blot

Five hundred nanograms of rat IMMP-12 catalytic domain was resolved by
SDS-PAGE using gradient gel (5-20%) under reducing conditions. The
proteins were transferred to a polyvinylidene difluoride membrane, blocked
with 3% powdered milk in TBST (20 mM Tris-HCI, pH 8.0, 0.5 M NaCl,
0.5% Tween 20, then incubated with rabbit anti-rat tMMP-12 Ab (1.5
pg/ml) for 40 min at room temperature. Peroxidase-conjugated goat anti-
rabbit IgG Ab (Bio-Rad Laboratories, Richmond, CA) was used as the
second Ab at a dilution of 1/2000, and the immune complex was visualized
with ECL Western blotting detection reagents {Amersham). Normal rabbit
I1gG (Chemicon, Temecula, CA) was used as a control, instead of anti-rat
rMMP-12 Ab.

Natural substrate digestion assay

Ten micrograms of human fibronectin (Chemicen) in 10 pl of 50 mM
HEPES buffer (pH 7.5) containing 150 mM NaCl and 5 mM CaCl, was
incubated with 0.2 ug of rat rMMP-12 catalytic domain for 16 h at room
temperature. For blocking of rat tMMP-12 digestion, 2, 0.6, or 0.2 pg of
anti-rat tMMP-12 Ab, or 2 ug of normal rabbit IgG as a control, in 10 wl

Table UL Genes with elevated expression in the kidn
compared with those in control rats on day 7°

PBS was incubated with fibronectin and rat tMMP-12 together. These sub-
Strates were resolved by SDS-PAGE using 5% gel under reducing condi-
tions and stained with Coomassie brilliant blue, Fifty micrograms of bovine
solubilized elastin (Elastia Products, Owensville, MO) in 50 ul of HEPES
buffer was incubated with 4 pg of rat IMMP-12 in the same condition. For
blocking, 10, 3, or 1 ug of anti-rat tMMP-12 Ab, or 10 18 of normal rabbit
IgG, in 50 pl PBS was incubated together. Released peptides were quarn-
titatively determined by the method of Keller and Mandl (22). Briefly, 40%
(w/v) trichloroacetic acid solution (15 ul) was added to each tube chilled
on ice after the digestion, followed by centrifugation for 10 min at 15,000
rpm. The supemnatant (100 pl) was blended with 100 pl of ninhydrin re-
agent (Sigma-Aldrich, St. Louis, MO) and incubated for 5 min at 100°C,
After 800 pl of 50% (v/v) ethanol was added, absorbance was read at 570
nm. Buffer control was used as the blank.

Immunohistochemistry

Serial sections of kidney tissue (4 pm) were deparaffinized and rehydrated
in PBS. Slides were quenched with 0.3% hydrogen peroxide, heated with
a microwave, and stained using an RTP-350 system (Ventanz Medical
Systems, Tucson, AZ). For detection of MMP-12, the slides were ineu-
bated with anti-rat iMMP-12 Ab (3 pg/ml) for 30 min at room temperature,
and after being treated with atkaline phosphatase-conjugated goat anti-
rabbit IgG Ab (DAKO, Carpenteria, CA), the immune complex was de-
tected with Fast Red (Ventana) before counterstaining with hematoxylin,
Control sections were incubated with normal rabbit 1gG instead of anti-rat
rMMP-12 Ab. For double-label immunchistochemistry, the sections were
incubated for 30 min at room temperature with mouse anti-rat ED-1 mAb
(Seroteg, Oxford, U.K.), followed by peroxidase-conjugated goat anti-
mouse IgG Ab (DAKO). After detection of the immune complex with
3,3"-diaminobenzidine tetrahydrochloride, slides were heated with a mi-
crowave again to denature and remove the applied Abs, followed by stain-
ing with anti-rat rMMP-12 Ab. For detection of rat CD&* cell, mouse
anti-rat CD8 mAb (Cosmo Bio, Tokyo, Japan) was used,

ey of anti-GBM nephritis rats more than 6-fold

Fold Change of AVD

Gene Name Accession Number AYD of Control Day 7-1 Day 7-2
Macrophage metalloelastase X98517 184.0,A 36.7 373
SM22 M83107 2883 16.7 29.2
Kidney injury molecule-1 AF035963 231.3,A 10.7 262
Major acute phase a-1 protein K02814 653.6,A 9.9 15.7
Fe-y receptor X73371 239.3 8.0 8.5
Plasminogen activator inhibitor-1 M24067 1037.4 74 6.0
Complement protein Clq B-chain X711127 1071.2,A 72 12.1
Immediate-early serum response JE gene X17053 1630.4 6.7 9.5
MMP-9 U2444] 5093,A 6.5 8.8

¥ Expression levels of the two individual rats are presented as fold change of average differences compared with those of
control rats, When the detection p value was >0.06, it was determined to be absent (A). The accession number is the GenBank

entry. AVD, average difference.
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FIGURE 2. Northern blot analysis of rat MMP-12 mRNA in the kid-
neys of anti-GBM nephritis rats. Total RNA (20 pg) purified from kidneys
in untreated normal rat, anti-GBM nephritis rat killed on days 1, 3, and 7,
or control serum-administered rat killed on days 1, 3, and 7 was hybridized
with alkaline phosphatase-labeled rat MMP-12 ¢DNA probe.

Neutralization with anti-rat recombinant macrophage
metalloelastase Ab

Twelve rats were injected i.v. with ani-GBM antiserum (200 ) on day 0,
then 6 of 12 rats were injected i.v. with 5 mg of anti-rat tMMP-12 Ab (10
mg/ml) on days 0, 2, 4, and 6. Another 6 rats were injected with the same
dose of rabbit preimmune Ig on the same days as conirols. On day 67, the
rats were housed in metabolic cages and urine was collected for 24 h to
measure urine protein (Pyrogallol Red method; Wako, Osaka, Japan) and
uring creatinine (enzymatic method; Hitachi 7600, Tokyo, Japan). Creati-
nine clearance {ml/min) was calculated as urine creatinine (mg/ml) X urine

MACROPHAGE METALLOELASTASE IN CRESCENTIC GLOMERULONEPHRITIS

volume (mi}/serum creatinine (mg/ml) X 1440 (min). On day 7, the rats
were aresthetized and the kidneys were removed to assess glomerular in-
juries. Sera were also collected on day 7 to measure serum creatinine level
and circulating anti-rabbit Ig Ab titer.

Assessment of glomerular injury

The proportion of crescent formation (defined as the presence of three or
more layers of cells in Bowran's space) was determined on 100 glomeruly/
kidney, and number of macrophages or CD8% cells infiltrating into the
glomerulus (detected with anti-rat ED-1 mAb, or anti-rat CD8 mAb, re-
spectively) was determined on 30 glomerulikidney (23) from each of the
six rats treated, as described above.

Estimation of serum Ab levels

Rat serum anti-rabbit Ig Ab titer was determined by ELISA. Normal rabbit
IgG (500 ng) was coated in cach well of 96-well plates. After being
blocked with 0.5% BSA, the wells were incubated with 100 pl of 1/100-
diluted test sera, washed, and incubated with 1/4000-diluted HRP-conju-
gated goat anti-rat [gG + IgM Ab (Southern Biotechnology Associates,
Birmingham, AL}, The 3,3,5,5 -tetramethylbenzidine product reacted
with peroxidase was quasitified by measuring the absorbance at 450 nm

FIGURE 3. In situ hybridization of rat MMP-12 mRNA in the kidneys of anti-GBM nephritis rats. RNA in the kidneys on paraffin sections from

anti-GBM nephritis rats killed on days 7 (4-D, H, and 1), 3 {E), and 1 (F), or from untreated normal rat (G) was hybridized with Dig-labeled rat MMP-12
¢RNA probe, and the macrophage marker was detected with anti-rat ED-1 mAb. A, mRNA in multinuclear giant cells forming crescent in the glomerulus
was hybridized with antisense cRNA probe (blue). B, Sense cRNA probe was used as a control. C, Macrophages and multinuclear giant cells were stained
with anti-rat ED-1 mAb (brown) after the hybridization with antisense cRNA probe (blue). D, Serial section was stained with PAS. MMP-12 mRNA was
mildly expressed in macrophages infiltrated into some glomeruli on day 3 (E), but not in the kidney on day 1 or normal control (F, G). H, MMP-12 mRNA
was detected in most of the glomeruli with crescent (arrow), but not in the glomeruli, with onty mild proliferative change (arrowhead). 7, MMP-12 mRNA
was not detected in the macrophages infiltrated within the interstiium. (Original magnifications: A-G, X200; H and I, X 100)
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FIGURE 4. A, Western blot analysis with anti-rat tMMP-12 Ab, Rat
TMMP-12 (0.5 pg) was resolved by SDS-PAGE, transferred to a polyvi-
nylidere difluoride membrane, and incubated with anti-rat tMMP-12 Ab or
rabbit control IgG, followed by incubation with peroxidase-conjugated
goat anti-rabbit IgG Ab. B, In vitro digestion of natural substrates by rat
rMMP-12, and inhibition of s digestive effect by anti-rat tMMP-12 Ab.
Ten micrograms of human fibronectin was incubated with 0.2 g of rat
tMMP-12, with or without anti-rat rMMP-12 Ab at room temperature for
I6 h, and analyzed by 5% SDS-PAGE. Fibronectin was completely de-
graded by incubation with rat tMMP-12. Two micrograms of anti-rat
rMMP-12 Ab inhibited the digestive effect of tat IMMP-12 almost com-
pletely, and the inhibition was dose dependent. Same dose of control IgG
did not inhibit the digestion. C, Fifty micrograms of bovine solubilized
elastin was incubated with 4 pg of rat tMMP-12, with or without anti-rat
tMMP-12 Ab at room temperature for 16 h. After intact elastin or Ab was
precipitated with trichloroacetic acid, 100 pl of supernatant containing
released peptides was blended with 100 pl of ninhydrin reagent, and was
qQuantitatively measured as an absorbance at 570 nm after dilution with 800
#1 of 50% (viv) ethanol. Released peptides besides background release
were reduced by 57% by addition of 10 wg of anti-rat IMMP-12 Ab. Val-
uecs are mean * SEM in triplicate sarnples; ¥, p = < 0.0001 vs released
peptides from digested elastin by rat ’MMP-12 without blocking.

; e RO
analysis of the kidney in anti-GBM
nephritis rats with anti-rat MMP-12 Ab. Serial paraffin sections from anti-
GBM nephritis rat kifled on day 7 were stained with anti-rat tMMP-12 Ab
(A, D, E), or rabbit control 1gG (B), or stained with PAS (C). A, Large
granules in the cytoplasm of the crescent-forming celis or multinuclear
giant cells were stained with anti-rat IMMP-12 Ab (red). D, Double stain-
ing with anti-rat ED-1 mAb (brown) and anti-rat tMMP-12 Ab (red),
MMP-12 was detected in ED-1-positive cells in the glomeruli with severe
crescent. E, These cells containing MMP-12 were seen in several glomeruli
with severe crescentic formation (arrow), but not in the glomeruli almost
intact or with mild proliferative change (arrowhead). (Original rnagnifica-
tions: A~-D, X200; E, X100.)

after addition of 1 N HCL. Normal rat serum and serum from rat im-
munized with rabbit Ig with CFA, followed by immunization with rab-
bit Ig with IFA 2 wk later, were used as negative and positive controls,
respectively.

Statistical analysis

The results are expressed as mean * SEM. Significances of differences on
histological changes or wiinary parameters between the rats treated with
anti-rat iMMP-12 Ab and the control rats were determined by the Mann-
Whitney U test. Difference of the amount of released peptides by in vitro
digestion, or differences of rat serum anti-rabbit Ig Ab titer were tested with
Student’s f test.

Results

Histological features of anti-GBM nephritis

Fig. 1 shows the development of crescentic glomerulonephritis af-
ter the injection of anti-GBM antiserum. On day 1, no remarkable
change except for marginal endocapillary proliferation was seen.
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FIGURE 6. Photomicrographs of representative kidney sections from rats with anti-GBM nephritis treated with anti-rat rtMMP-12 Ab (A, C) or control
Ig (B, D) on days 0, 2, 4, and 6 after the injection of anti-GBM antiserum. The kidneys were removed on day 7. Paraffin sections were stained with PAM
(A, B) or anti-rat ED-1 mAb (C, D). In these sections, numbers of glomeruli with crescent (arrow) were 1 of 10 (4), and 7 of 9 (B). Only several numbers
of ED-1-positive cells (brown) per glomerulus were counted in the Kidney of the rat treated with anti-rat tMMP-12 Ab (C), in conirast to 10—-40 of
ED-1-positive cells per glomerulus in the kidney of the rat treated with control Ig (D). (Original magnifications: X40.)

On day 3, mild proliferative changes were observed in some glo-
meruli. On day 7, severe crescent formations with proliferation of
mesangial cells were observed in ~50% of the glomeruli, and the
structure of the glomerular tuft was damaged mainly in glomeruli
with crescent. Fibrin deposits and muitinuclear giant cells were
also observed in the crescent in Bowman’s space, and rupture of
Bowman’s capsule and infiltration of large cells into Bowman’s
space were seen in sorne glomeruli, No remarkable changes were
found in the kidneys of the rats injected with preimmune serum as
the controls and killed on days 1, 3, or 7 (data not shown).

Analysis of gene expression by DNA arrays

To investigate the pattem of gene expression with the progress of
anti-GBM nephritis, we compared the gene expression profile in
the kidneys of anti-GBM nephritis rats on days 1, 3, and 7 after the
injection of anti-GBM antiserum using DNA arrays. Tables L, II,
and III show the list of genes with increased expression >6 times
as much as control in both of the two anti-GBM nephritis rats. On
day 1, the expression level of only one gene was enhanced >6
times. On days 3 and 7, the expression levels of seven and nine
genes were increased at least 6 times more than control,
respectively.

Northern blot and in situ hybridization

Among the-genes with elevated expression, we focused particu-
larly on the function of MMP-12, because its expression was ex-
tremely elevated in the nephritis kidney on both days 3 and 7,
whereas its role in glomerular injury has not been reported to date.

Northern blot analysis confirmed that MMP-12 mRNA was ex-
pressed on days 3 and 7 in the kidneys of anti-GBM nephritis rats,
but not in the kidneys from untreated normal rat, anti-GBM ne-
phritis rats on day 1, or rat injected with rabbit control serum (Fig.
2). Subsequently, we used an in situ hybridization technique with
rat MMP-12 cRNA probe to detect which components of the kid-
ney expressed MMP-12 mRNA. Fig. 3 shows that MMP-12
mRNA was highly expressed around the nuclei in the ED-1-pos-
itive macrophages infiltrated into the glomeruli with crescent for-
mation and multinuclear giant cells. These MMP-12 mRNA-pos-
itive cells were cbserved in most of the glomeruli with crescent,
which were ~40% of all the glomeruli, but not in the glomeruli
with only mild proliferative change on day 7. MMP-12 mRNA was
not detected in the ED-1-positive macrophages infiltrated to inter-
stitium either. In the day 3 kidney of anti-GBM nephritis rat, ex-
pression of MMP-12 mRNA was observed in the ED-1-positive
macrophages in some glomeruli, but in the day 1 kidney of anti-
GEM nephritis tat or normal kidney, the expression of MMP-12
mRNA was not detected.

Western blot and natural substrate digestion assay

To verify the production of MMP-12 more definitely, we prepared
anti-rat IMMP-12 Ab to detect the production of MMP-12 protein
in the macrophages expressing MMP-12 mRNA. Anti-rat
rMMP-12 antiserum was collected from the rabbit immunized with
histidine-tagged rat IMMP-12 catalytic domain, and affinity-puri-
fied anti-rat IMMP-12 polyclonal Ab was tested for its reactivity
by Western blot analysis and was revealed to react with rat
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rMMP-12 (Fig. 44). We also investigated the blocking effect of
anti-rat tMMP-12 Ab. Rat rMMP-12 had an ability to digest nat-
ural substrate, such as human fibronectin or bovine elastin, by in
vitre incubation, and the digestion activity of rMMP-12 was in-
hibited by anti-rat tMMP-12 Ab in a dose-dependent manner (Fig.
4, B and C).

Immunohistochemistry

Subsequently, we performed immunohistochemical studies using
anti-rat ’IMMP-12 Ab on the sections of the kidneys from anti-
GBM nephritis rats, and confirmed the production of MMP-12
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FIGURE 7. Effect of anti-rat tMMP-12 Ab administration in anti-GBM
nephritis rats. A, Percentages of glomeruli with crescent, and numbers of
macrophages or CD8* cells per glomerulus of the kidneys from each of six
anti-GBM nephritis rats treated with anti-rat tMMP-12 Ab (filled bars) or
control Ig {open bars). Rats were injected with 5 mg of anti-rat IMMP-12
Ab or control Ig on days 0, 2, 4, and 6, ard the kidneys were removed on
day 7. Percentages of glomeruli with crescent were determined on 100
glomerli per kidney with paraffin sections stained with PAM, and num-
bers of macrophages and CD8™ cells per glomerulus were counted on 30
glomeruli per kidney after staining macrophages with anti-rat ED-1 mAb
or anti-rat CD8 mAb. Values are mean = SEM; *, p = 0.0036; *», p =
0.003%; =+, p = 00542 vs anti-GBM nephritis rats treated with control Ig.
B, Urine was collected for 24 h on day 6-7 from each of six anti-GBM
nephritis rats treated with anti-rat iMMP-12 Ab (filled bars) or contrel Ig (open
bars), housed in metabolic cages. Sera were collected on day 7. Results were
expressed as the ratio of urine protein to vrine creatinine, daily proteinuria, and
creatinine clearance. Values are mean * SEM; *, p = 0.0039; *+, p = 0.0104
vs anti-GBM nephritis rats treated with control Ig.
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Table IV. Serum anti-rabbit Ig Ab levels in the anti-GBM nephritis
rats treated with anti-rtMMP-12 Ab, with control Ig, or without any

Jurther administration of rabbit Ig®

Group ELISA (ODy4p)
Anti-rMMP-12 Ab 0.084 = 0.015
Control Ig 0.134 = 0.016
No further treaiment 0.158 = 0.002

“ Sera were collected on day 7 from anti-GBM nephritis rats treated with anti-
IVIMP-12 Ab {r = 6), with control Ig (n = 6}, or without any further administration
of rabbit Ig {# = 3). Results are expressed as mean * SEM. Differences of each value
are not significant. Negative control, 0,051 * 0.002; positive control, 1.183 + 0.002.

protein in the ED-1-positive macrophages and multinuclear giant
cells infiltrated in the crescent in the damaged glomerulus (Fig. 5).
Large granules were stained with anti-rat IMMP-12 Ab mainly in
the cytoplasm of the ED-1-positive macrophages and multinuclear
giant cells in the crescents, but not in the ED-1-positive cells in the
interstitium. The pattern of the distribution of MMP-12-producing
cells was almost the same as that for MMP-12 mRNA-expressing
cells. In the kidneys from untreated normal rat or anti-GBM ne-
phritis rats killed on day 1 or 3, MMP-12 production was not
detected (data not shown). Finally, to elucidate the role of
MMP-12 in the crescentic glomerulonephritis model, we con-
ducted experiments aimed at neutralization of MMP-12 using anti-
rat IMMP-12 Ab.

Neutralization by anti-rat recombinant macrophage
metalloelastase Ab

Each of six rats was injected with 5 mg of anti-rat IMMP-12 Ab or
control Ig on days 0, 2, 4, and 6 afier the injection of anti-GBM
antiserum. Fig. 6 shows the typical histological features of the
kidney in the two groups. The number of glomeruli with crescent
and the number of ED-1-positive cells per glomerulus were obvi-
ously reduced in the kidney of the rat treated with anti-rat
tMMP-12 Ab. As demonstrated in Fig. 7A, crescent formation was
reduced at ~60% level in the kidneys of the rats treated with
anti-rat IMMP-12 Ab, and consequently the numbers of ED-1-
positive macrophages per glomerulus were also reduced at ~50%.
CD8* cells in glomeruli were also decreased in the rats treated
with anti-TMMP-12 Ab, but not significantly (p = 0.0542). Fig. 78
shows that the amount of urinary protein was significantly reduced,
and renal function was also preserved on day 7 in the rats treated
with anti-rat IMMP-12 Ab. Taken together, the development of
glomerular injury was significantly inhibited by the injection of
anti-rat IMMP-12 Ab. Sera were also collected on day 7 from
anti-GBM nepluitis rats treated with anti-tMMP-12 Ab, control Ig,
or those without any further administration of rabbit Ig except for
anti-GBM antiserum to test serum anti-rabbit Ig Ab titer, and no
significant differences were observed between each group of rats

(Table IV).

Discussion

The results in this study show that MMP-12 produced by macro-
phages that infiltrated into the glomeruli and formed a crescent in
Bowman’s space was a major factor for the development of cres-
centic glomerulonephritis.

To elucidate the mechanism of glomerular injury in the cres-
centic glomerulonephritis model, we compared the levels of
~-8800 kinds of mRNA expression in the kidneys of anti-GBM
nephritis rats with those of control rats using DNA arrays, and
revealed that the expression of MMP-12 mRNA was dramatically
elevated 3 and 7 days after the injection of anti-GBM antiserum
(Tables II and II). To date, other members of the MMP family,
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MMP-2 and MMP-9, are reported to be capable of degrading the
constituents of the GBM or extracelular matrix in the kidney, and
hence were involved not only in the regular maintenance of the
extracellular matrix, but also in any damage to these components
that occurs in diseased states of the kidney (24-26). Especially,
MMP-9 is reported to play important roles in several models of
renal diseases, such as an anti-GBM nephritis model (23) or a
membranous nephropathy model (27). However, little has been
reported with respect to MMP-12.

MMP-12 is mainly produced from macrophages infiltrating into
the tissues in which tissue injury or remodeling is occurring, and
contributes to degenerate the extracellular matrix {14). In this cres-
centic glomerulonephritis model, macrophages accumulate in the
glomeruli by monocyte chemoattractant protein-1 secreted from
mesangial cells (28), endothelial cells (29), or infiltrating CD8-
positive lymphocytes or macrophages (30) in the diseased glomer-
uli. After the adhesion of monocytes/macrophages to glomerular
endothelial cells through LFA-1 on the monocytes/macrophages
(31) and ICAM-1 on the endothelial cells, subsequent progression
of crescentic glomerulonephritis is induced (32). However, the
precise mechanism of glomerular injury after the accumulation of
macrophages in the glomeruli has not been elucidated completely.

In this study, in situ hybridization and immunohistochemical
analysis revealed that ED-1-positive macrophages and multinu-
clear giant cells produced MMP-12 in the damaged capillary tuft
or crescent in the diseased glomeruli (Figs. 3 and 5). Given that
MMP-12 mRNA was already expressed on day 3 when ED-1-
positive macrophages had already infiltrated into the capillary tuft,
but little glomerular injury or crescent formation was observed, we
hypothesized that the role of MMP-12 was destructive, ie.,
MMP-12 was critical for induction of the glomerular injury and
crescent formation. The results of the experiment to neutralize
MMP-12 activity with anti-rat tMMP-12 Ab verified our hypoth-
esis (Figs. 6 and 7).

GBM is composed of laminin, fibronectin, heparan sulfate pro-
teoglycans, entactin, collagen type IV (33}, and collagen type V
(34), and the basement membrane of Bowman’s capsule includes
elastin (35); part of them can be degenerated by MMP-12.
MMP-12 produced by accumulated macrophages may contribute
to rupture of the GBM or basement membrane of Bowman’s cap-
sule, and may lead to the infiltration of macrophages into Bow-
man's space. Because production of MMP-12 protein was not de-
tected on day 3, although MMP-12 mRNA was already expressed,
anti-rat tMMP-12 Ab may have inhibited rupture of the basement
membrane through neutralization of MMP-12 from macrophages
accumulated in the capillary after day 3 in the neutralization ex-
periment. As a result, the number of macrophages that accumu-
lated in the glomerulus by accelerated inflammatory reaction in-
duced by glomerular injury with MMP-12 may have decreased in
the rats treated with anti-rat rMMP-12 Ab as well as the number of
glomeruli with crescent. CD8™ lymphocytes are also crucial for
development of anti-GBM nephritis through their direct killer ac-
tivity or their secretion of various chemokines (30, 32, 36). CD8"
cells were also decreased in the rats treated with anti-rMMP-12
Ab, but not statistically significantly (Fig. 7A).

In this study, we used rabbit anti-rat rMMP-12 Ab for neutral-
ization, which was from the same species as the disease initiating
anti-GBM antiserum. The development of anti-rabbit Ig Ab might
affect the immune response in the anti-GBM nephritis rats by a
series of administrations of rabbit anti-rat IMMP-12 Ab, There-
fore, we used rabbit preimmune Ig as the control, and confirmed
that the circulating titers of rat anti-rabbit Ig Ab did not differ
significantly between the two groups, rats treated with anti-rat
tMMP-12 and those treated with control Ig. Furthermore, the titers
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of rat anti-rabbit Ig Ab on day 7 did not differ between the anti-
GBM nephritis rats treated with anit-rMMP-12 Ab or control Ig,
and those without any further administration of rabbit Ig (Table
IV). However, if administration of rabbit Ig continues after day 7,
the production of rat anti-rabbit Ig Ab will be accelerated and may
affect the development of kidney lesion.

Our results show that neutralization of MMP-12 could prevent
the crescent formation and infiltration of macrophages partly, but
not completely. It is possible that the dose of anti-rat tMMP-12 Ab
was not enough, and MMP-12-deficient mice, which lack produc-
tion of MMP-12 genetically (14), should be used to elucidate the
role of MMP-12 more clearly in further study. However, given that
glomerular injury is also induced by several proteinases, such as
serine proteinase, elastase, and cathepsin G, or reactive oxygen
metabolites from neutrophils (37-39), reactive oxygen species
from macrophages (40), or also induced by direct killer activity of
CD8* cells (32), our results on the effect of MMP-12 neutraliza-
tion may be compatible with the fact that MMP-12 is one of the
major factors, but not the absolute factor, of glomerular injury. In
the present study, some of these other important mediators of glo-
merular injury were not detected by the gene expression profiling
analysis. It is obvious that several molecules, although their
mRNA expressions were not enhanced >6 times, also play func-
tionally important roles in the pathogenesis of glomerular injury.
The reduction of mRNA expression of some protective molecules
against glomerular injury may also be causes of development of
the disease, In addition, the DNA arrays used in the present study
do not cover all the unknown rat genes. Therefore, other mole-
cules, which were not detected in the present study, could also be
vital for the development of crescentic glomerulonephritis.

It may be possible that a similar mechanism occurs in the de-
velopment of human crescentic glomerulonephritis. In addition,
collagen type IV and laminin, which are degenerated by human
MMP-12 (13), but not by rat MMP-12 (11), are major components
of GBM. Therefors, MMP-12 might contribute to degrading also
collagen type IV and laminin in human crescentic glomerulone-
phritis. Corticosteroid or immunosuppressive drugs, or plasma ex-
change have been used to treat the disease, but these therapies are
not sufficient to control the disease completely, and the method of
treatment is still controversial (1}. To date, several studies have
been conducted to treat anti-GBM nephritis or other kinds of ne-
phritis by administration of proteinase inhibitors (26, 41-43), but
administration of nonspecific proteinase inhibitors could also pre-
vent healing process through the degeneration of excess extracellular
matrix, such as the fibrinolytic activity of MMP-9 (23). The admin-
istration of a specific regulator of MMP-12 could provide a new ther-
apeutic strategy for the treatment of crescentic glomerulonephritis.
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SALL/Sall is a mammalian homolog of the Drosophila region-specific homeotic gene spalt (sal}, and heterozy-
gous mutations in S4LL1 in humans lead to Townes-Brocks syndrome. We earlier reported that mice deficient
in Sallf die in the perinatal period and that kidney agenesis or severe dysgenesis are present. We have now
generated mice lacking Salf2, another Salf family gene. Although Sali2 is expressed mostly in an overlapping
fashion versus that of Salli, Sali2-deficient mice show no apparent abnormal phenotypes. Moxphology and gene
expression patterns of the mutant kidney were not affected. Mice lacking both SzllI and Sall2 show kidney
phenotypes comparable to those of Salll knockout, thereby demonstrating the dispensable roles of Salf2 in

embryonic and kidney development.

Drosophila sal is the region-specific homeotic gene charac-
terized by unique multiple double zinc finger motifs (10). sal
was first identified by its capacity to promote terminal differ-
entiation, and it is expressed in anterior and posterior com-
partments of Drosophila (5). Mutations in sal cause head and
tail segments to develop trunk structures. sal also plays a crit-
ical role in wing development (4, 13). sal is expressed at the
anterior-posterior boundary of wing imaginal disks, and its
expression is controlled by dpp (BMP-4 ortholog), the expres-
sion of which is highest at the boundaty and which is in turn
controlled by hedgehog expressed in the posterior compart-
ment.

Humans and mice have at least three sal-related genes, re-
spectively (SALLI, -2, and -3 for humans and Salll, -2, and -3
for mice) (2, 6-8, 15). SALLI is located on chromosome
16g12.1, and heterozygous mutations of SALLI lead to
Townes-Brocks syndrome, an autosomal-dominant disease
with features of dysplastic ears, preaxial polydactyly, imperfo-
rate anus and, less commonly, kidney and heart anomalies (9).
Mice deficient in SaflI die in the perinatal period, and kidney
agenesis or severe dysgenesis are present (14). Salll is ex-
pressed in the metanephric mesenchyme surrounding ureteric
bud, and homozygous deletion of Sallf results in an incomplete
ureteric bud cutgrowth and failure of tubule formation in the
mesenchyme, Therefore, Salll is essential for ureteric bud in-
vasion, the initial key step for metanephros development.

Another Sall family gene, SALL2 is located on human ¢hro-
mosome 14q12, possibly overlapping a region of loss of het-
erozygosity in ovarian cancers (1). Mouse Sall2 binds to poly-
omavirus large T antigen and is proposed to be a potential
tumor suppressor (11). Although mouse Sall2 was reported to
be expressed during development and abundantly in the adult
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brain (6), precise expression patterns and the physiological
function of Sall2 have remained unknown. We now report
generation of Sall2-deficient mice, and in these animals we
found that Sali2 is dispensable for normal developmental pro-
cesses. We also present phenotypes of mice lacking both Salll
and Salf2.

MATERIALS AND METHODS

Cloning of Sali2 genome, PCR was done by using as a template for fetal kidney
c¢DNA obtained 14.5 days postcoitus {dpec) to clene Sall2. The resulting 188-bp
product was used to screen the 1295vY genomic library (Stratagene).

Generation of Sall2-deficient mice. The targeting vector was constructed by
incorporating the 5’ BamHI-EcoRI 6.0-kb fragment and the 3' Smal-BamHI
1.7-kb fragment into a vector that contained the neomycin-resistant {Neo™) gene
(pMCl-NeopolyA) and a diphtheria toxin A subunit (pMC1-DTA) in tandem.
The 5* fragment was subcloned into 2 NorT-Xhol site 5° of the Neof gene, and the
3’ fragment was cloned into an EcoRY site 3’ of the Neo® gene. The construct
was linearized with NofI,

El4.1 embryonic stem cells were plated on mitomyein C-treated primary
embryonic fibroblasts and clones resistant to G418 (400 wg/mf) were screened by
using Southemn blots. The genomic DNA from clones was digested with EcoRI,
electrophoresed through 0.7% agarose, transferred to nylon membrane (Hy-
bondN+; Amersham-Pharmacia), and hybridized to a radioactive probe. The
probe used to screen the samples was a BamHI-BamHI 0.5-kb fragment down-
stream of the 3" homology (probe B). The samples were also digested with Spel
and Xhol and then hybridized with the 5° probe (probe A) to confirm the correct
homologous recombination, A probe corresponding to the Neo® sequence was
also used to verify that only one copy of the vector was integrated into the
genome. Of 120 clones, 6 were correctly targeted.

Recipient blastocysts were from C57BL/6Y mice. Chimeric animals were bred
with CSTBL/6] females. Mutant animals studied were of F, and F5 generations.
Mice were genotyped by using Southem blots or genomic PCR. The primer
sequences used for PCR were as follows: CACATTTCGTGGGTCACAAG,
CTCAGAGCTGTTTTCCTGGG , and GCGTTGGCTACCCGTGATAT (188
bp for the wild-type Safl2 allele and 380 bp for the mutated allele). To screen
Salll mutants, we used AGCTAAAGCTGCCAGAGTGC, CAACTTGCGATT
GCCATAAA, and GCGTTGGCTACCCGTGATAT (288 bp for the wild-type
Salll allele,and 350 bp for the mutated allele).

The probes used for Northern blots were as follows: the Salll-Xhol Salll
fragment (2.5 kb), the EcoRI-Smal N-terminal Sali2 fragment (2.0 kb), the
Smal-HindIIl C-terminal Sali2 fragment (1.4 kb), and the N-terminal Sall3
fragment (2.0 kb).



