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Previous work has shown that integrin a1-null Alport
mice exhibit attenuated glomerular disease with de-
creased matrix accumulation and live much longer than
strain-matched Alport mice. However, the mechanism
underlying this observation is unknown. Here we show
that glomerular gelatinase expression, specifically ma-
trix metalloproteinase-2 (MMP-2), MMP-9, and MMP-14,
was significantly elevated in both integrin a1-null mice
and integrin al-null Alport mice relative to wild-type
mice; however, only MMP-9 was elevated in glomeruli
of Alport mice that express integrin a1. Similarly, cul-
tured mesangial cells from al-null mice showed ele-
vated expression levels of all three MMPs, whereas mes-
angial cells from Alport mice show elevated expression
levels of only MMP-9. In both glomeruli and cultured
mesangial cells isolated from integrin a1-null mice, ac-
tivation of the p38 and ERK branches of the mitogen-
activated protein kinase pathway was also observed.
The use of small molecule inhibitors demonstrated that
the activation of the p38, but not ERK, pathway was
linked to elevated MMP-2, -9, and -14 expression levels
in mesangial cells from integrin «1-null mice. In contrast,
elevated MMP-9 levels in mesangial cells from Alport mice
were linked to ERK pathway activation. Blockade of gela-
tinase activity using a small molecule inhibitor (BAY-12-
9566) ameliorated progression of proteinuria and restored
the architecture of the glomerular basement membrane in
al integrin-null Alport mice, suggesting that elevated ge-

latinase activity exacerbates glomerular disease progres-
sion in these mice. (4m J Patbol 2008, 172:761-773; DOI:
10.2353/ajpath.2008.070473)

The accumulation of extracellular matrix in the glomerular
basement membrane (GBM) and the mesangium as a
function of renal disease progression is a feature shared
by a variety of glomerular diseases. This is true for Alport
syndrome, in which defects in genes encoding basement
membrane collagen a3(IV), a4(lV), or a5(1V) chains result
in a delayed onset, progressive glomerulonephritis char-
acterized by mesangial matrix expansion and GBM irreg-
ularities.” A number of animal models for Alport syn-
drome exist, and most resemble human Alport syndrome
with regard to renal disease.? In earlier work, we showed
that autosomal Alport [a3(1V) knockout] mice that are also
null for a1B1 integrin (double knockout, or DKO, mice)
display attenuated glomerular and tubulointerstitial patho-
genesis and lived nearly twice as long as strain-matched
Alport mice.® These DKO animals showed reduced mesan-
gial expansion and improved GBM architecture. The mech-
anism underlying the influence of a1 integrin on the pro-
gression of glomerular pathogenesis in these mice has not
been elucidated.

Integrin @11 is expressed at high levels on glomerular
mesangial cells.* As a collagen-binding integrin, 181
has been implicated to function in mesangial cell adhe-
sion, migration, and proliferation.®® «181 integrin ap-
pears to play a direct role in matrix remodeling, because
neutralizing antibodies against either integrin subunit
prevents collagen gel contraction by cultured rat mesan-
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gial cells.”® This effect is mediated via activation of the
ERK 1/2 branch of the mitogen-activated protein kinase
(MAPK) signal transduction pathway.® These data are in
contrast to genetic studies of both fibroblasts and vas-
cular endothelial cells, which showed elevated matrix
metalloproteinase (MMP) expression in a1 integrin-null
cells versus wild-type cells.’™©~'2 The effect of the a1-null
genotype on mesangial cell expression of MMPs has not
been explored.

Dysregulation of MMPs in glomerular mesangial cells
has been implicated as contributing to the pathobiologi-
cal mechanism for a number of glomerular diseases.’
Because glomerular disease is often associated with al-
tered signaling of the MAPK pathway in mesangial
cells,'* ' and because integrin a181-blocking studies of
rat mesangial cells alter both collagen matrix remodeling
and MAPK signaling,® we surmised that the absence of
a1 integrin might alter pathways that regulate matrix me-
tabolism, and that this might help explain the reduced
accumulation of glomerular matrix in the DKO mice. Here
we show that the expression of MMP-2, MMP-9, and
MMP-14 (also called MT-1 MMP) are significantly ele-
vated in both glomeruli and cultured mesangial cells from
integrin  a1-null mice compared to wild-type mice,
whereas only MMP-9 is up-regulated in Alport glomeruli
and mesangial cells. Elevated expression can be abro-
gated in a1 integrin-null mesangial cells by blocking the
activation of the p38, but not the ERK1/2 branch of MAPK.
Conversely, the same strategy shows ERK regulation of
MMP-9 in mesangial cells from Alport mice. Blocking the
activity of these MMPs using a small molecule inhibitor
attenuates progression of albuminuria in DKO mice, sug-
gesting that overexpression of MMPs likely exacerbates
disease progression in DKO mice. Thus, even though the
net effect of the al-null background in Alport mice is
significant attenuation of glomerular disease,® some met-
abolic changes (in this case, elevated gelatinase expres-
sion) occur that are actually deleterious to glomerular
structure/function.

Materials and Methods
Administration of MMP Inhibitor to Alport Mice

The Alport, integrin a1-null, and DKO mice are all on the 129
Sv background and have been described previously.® 6"
Wild-type mice (controls) are normal for both collagen
a3(lV) alleles and are a product of double-heterozygote
crosses for the Alport mutation, and thus also 129 Sv. The
use of animals in this study was performed in accordance
with an approved institutional animal care and use commit-
tee protocol. Extreme care was taken to minimize pain and
discomfort. MMP inhibitor was administered between 4 and
7 weeks of age. BAY 12-9566 was emulsified in suspension
with 0.5% carboxymethyl cellulose in water. Four mg were
given once a day by oral gavage. The drug was freshly
prepared before administration.

Glomerular Isolation

Isolation of mouse glomeruli was performed as described
previously.® Anesthetized mice are perfused transcardi-
ally with deactivated 4.5 umol/L Dynabeads (Dynal Bio-
tech, Oslo, Sweden). Kidneys are minced and digested
with collagenase, and the glomeruli are isolated using a
specialized magnet. We found these preparations to be
consistently >97% pure, allowing reliable assessment of
glomerular-specific mRNA and protein expression in
mice.

Derivation and Qualification of Primary
Mesangial Cell Cultures

The pelleted glomeruli were resuspended in 5 ml of 0.1%
trypsin and 0.05% collagenase | (Worthington, Lake-
wood, NJ) in phosphate-buffered saline (PBS)," and
digested in the prewarmed solution for 2 hours at 37°C
with moderate shaking. The glomeruli were disassoci-
ated, the suspension transferred to a fresh tube contain-
ing 10 ml of media plus fetal calf serum and spun at 1500
rpm for 10 minutes at 4°C. The pellet was resuspended in
12.5 ml of Dulbecco’s modified Eagle’s medium/Ham’s
F-12 containing 20% fetal calf serum, penicillin, strepto-
mycin, gentamycin, and glutamine, and then plated on a
10-cm tissue culture dish.?° The culture was left undis-
turbed for several days. Cells were grown to near conflu-
ency, trypsinized, and passed 1:3 in growth media.
Within 24 hours the culture media was replaced with
p-valine-containing minimal essential medium (Sigma, St.
Louis, MO) completed as before. Cells were grown to
near confluency, qualified (see below), and used. All cell
culture reagents used were obtained from Gibco-Invitro-
gen Cell Culture (Carlsbad, CA) unless otherwise noted.

The decapsulated glomeruli used to initiate the culture
contained only visceral epithelial cells. These cells are
terminally differentiated and thus do not proliferate in
culture. Epithelial contamination is therefore unlikely. The
proliferation of the cells in p-valine containing media pre-
vented fibroblast contamination of the culture.?” The cul-
tures were very homogeneous in appearance after p-valine
treatment. The cells displayed stellate, spindle-shaped mor-
phology, accompanied by hills and valleys when confluent,
which are all characteristics of mesangial cells.?® Features
of epithelial and endothelial morphology were lacking.

Cells were qualified by immunostaining for desmin (Ab-
cam, Cambridgeshire, UK), fibronectin (Sigma), smooth
muscle actin (Sigma), and vimentin (Chemicon, Temecula,
CA). All of which are major requisites to assign mesangial
origin to the cells.?? Staining for von Willebrand factor pro-
tein (Santa Cruz Biotechnology, Santa Cruz, CA), an endo-
thelial cell marker, was negative.

Flow Cytometry Analysis

Monoclonal antibodies against integrin « 181 heterodimer
and isotype controls were of hamster origin and de-
scribed previously.® Cultured integrin a1 +/+ or —/—
murine mesangial cells were blocked in mouse sera 2%



and resuspended in PBS containing 2% fetal calf serum.
All antibody dilutions and washes were performed with
this same buffer. The cells were stained with hamster
antibodies to integrin a1 (Ha31/8, dilution 1:400; Biogen,
Cambridge, MA) or an isotype-matched nonreactive con-
trol antibody (Ha4/8; dilution, 1:400) and washed three
times. Cells were then reacted with an Alexa 488-conju-
gated goat anti-hamster secondary antibody (Molecular
Probes, Eugene, OR) at 1:200 dilution, washed three
times, and then fixed with 1% formalin. Flow cytometry
data were acquired and analyzed using a FACS Aria
and CellQuest Pro software (BD Biosciences, San
Jose, CA).

MAPK Inhibitor Studies in Cultured Mesangial
Cells

Mesangial cell cultures from wild-type, a1 integrin null
DKO mice, and Alport mice were grown to 80% conflu-
ency each on 10-cm tissue culture dishes. Serum-con-
taining media was replaced by serum-free media and
incubated overnight (14 hours). Two dishes for each
culture were then trypsinized and the cells pelleted. The
cells were resuspended in serum-free media and plated
on four collagen | (BD Biosciences)-coated 6-cm tissue
culture dishes. The cells were allowed to attach overnight
and confluence noted 14 hours later.

Stocks of the inhibitors herbimycin, SB203580, and
PD98059 (Calbiochem, San Diego, CA) were prepared in
anhydrous dimethyl sulfoxide. After a 1:100 dilution in
serum-free media the inhibitors were placed on the cells.
A final concentration of 0.5 um of herbimycin, 10 um of
SB203580, and 40 wm of PD98059 was used versus
dimethyl sulfoxide alone. Cells were incubated with inhib-
itors and dimethyl sulfoxide alone for 24 hours before
harvesting.

Real-Time and Standard Reverse
Transcriptase-Polymerase Chain Reaction
(RT-PCR) Analysis

RT-PCR and real-time PCR analysis for MMP-2, MMP-9,
and MMP-14 and RT-PCR analysis for MMP-12 was per-
formed as described previously.?®?* For TIMP amplifica-
tions, oligonucleotide primer pairs were as follows: for
GAPDH, 5'-GGTGAAGGTCGGAGTCAACGGATTTGGT-
CG-3" and 5-GGATCTCGCTCCTGGAAGATGGTGAT-
GGG-3' (236-bp target size); for TIMP-1, 5'-GCATCTG-
GCATCCTCTTGTTG-3" and 5'-GACAGTGTTCAGGCT-
TCAGTTTTTC-3" (637-bp target size); for TIMP-2, 5'-
CGTAGTGATCAGAGCCAAAGCA-3’and 5'-GGCTCTT-
CTTCTGGGTGATGCT-3" (304-bp target size); for
TIMP-3, 5'-CTGGCTTGGGCTTGTCGTGCTCCT-3" and
5'-TGTGGCGTTGCTGATGCTCTTGTC-3'; for TIMP-4, 5'-
TGTGGCGTTGCTGATGCTCTTGTC-3" and 5'-CCAG-
CAGCCAGTCCGTCCAGA-3' (269-bp target size) based
on the published sequences. PCR was performed for 30
cycles for TIMP-1, -2, -3, and -4 and 27 cycles for GAPDH
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at annealing temperature of 60°C. Amplified products
were separated on 2% agarose gel as described earlier.

Western Blot Analysis

Either isolated glomeruli or mesangial cells were lysed
in RIPA buffer (radioimmunoprecipitation assay lysis
buffer) (0.1% sodium dodecy! sulfate, 0.5% deoxy-
cholate, 1% Nonidet P-40, 100 mmol/L NaCl, 10
mmol/L Tris-HCI, pH 7.4) containing a protease inhib-
itor cocktail (P8340, Sigma), 0.5 mmol/L dithiothreitol,
and 0.5% phenylmethyl sulfonyl fluoride. Equal quan-
tities of total protein (5 to 10 ng) was fractionated on
polyacrylamide gel electrophoresis gels and trans-
ferred to nylon membranes. All antibodies were pur-
chased from Cell Signaling Technologies (Danvers,
MA), and all were derived from rabbit. The catalog
numbers of anti-ERK and anti-pERK (Thr202/Tyr204)
are 9102 and 9106s, respectively. Both antibodies
were used at 1:1000 dilution. The catalog numbers of
anti-p38 and pp38(Thr180/Tyr182) are 9212 and
9211s, respectively. Anti-p38 antibodies were diluted
at 1:1000, and anti-pp38 antibodies were used at 1:500
dilution. Anti-ERK/p38 antibodies were diluted in 5%
milk and anti-phosphorylated ERK/p38 antibodies were
diluted in 3% bovine serum albumin. All experiments
were repeated at least three times with independently
derived cell cultures/glomeruli with nearly identical
outcomes.

Immunohistochemistry

Cryosections (4 um) of kidneys from 7-week-old wild-
type and Alport mice were air-dried, fixed by immersion
in ice cold acetone, and subjected to immunohistochem-
ical staining analysis. Antibodies used were specific for
fioronectin (rabbit polyclonal against human plasma fi-
bronectin, used at 1:200; Sigma); rabbit anti-mouse MMP-2
(Chemicon) 1:100; rabbit anti-mouse MMP-9 (Chemicon)
1:100. Fluorescein isothiocyanate-conjugated anti-VLA1
antibodies were a gift from Philip Gotwals (Biogen Corp.)
and used at 1:200 dilution. The laminin a2 chain-specific
antibody was an anti-mouse rat monoclonal antibody pur-
chased from Sigma-Aldrich (St. Louis, MO). All anti-
bodies were diluted into 7% nonfat dry milk in PBS to
reduce nonspecific binding. Primary antibodies were
allowed to react for 2 hours at room temperature in a
humidified chamber. After three 5-minute washes in
PBS, slides were incubated with fluorescein isothiocya-
nate-conjugated secondary antibodies for 1 hour at
room temperature (goat anti-rabbit, used at 1:200;
Vector Laboratories, Burlingame, CA). The sections
were coverslipped, sealed, and imaged. Images were
collected using a Spot RT digital camera interfaced
with an Olympus BH-2 fluorescence microscope
(Olympus, Center Valley, PA).

Gelatin Zymography

Equal numbers of primary mesangial cells were plated on
rat tail collagen matrix and cultured for 24 hours in serum-
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Figure 1. Integrin al1pB1 is expressed on mesangial cells of wild-type and
Alport glomeruli, and absent on mesangial cells from integrin a1-null mice.
Glomeruli from 7-week-old wild-type (A—C), integrin al-null (D-F), and
Alport mice (G-I showing immunostaining for integrin a1 (A, D, G), laminin
a2 (B, E, and HD, or dual immunostaining for both integrin a1 and laminin a2
(C, F, and D. In wild-type mice integrin a1 co-localizes with the mesangial
cell marker laminin 2. In Alport glomeruli, the previously documented GBM
localization of laminin a2? is contrasted with mesangial localization of inte-
grin al. Original magnifications, X400.

free media. The media was collected and substrate gel
electrophoresis (zymography) was performed as de-
scribed previously.?%2® Media conditioned by culturing
the human fibrosarcoma cell line, HT1080, was used as a
positive control. Zymography was performed using me-
dia from three different independently derived culture
sets with qualitatively similar results.

Proteinuria

Urine was collected at weekly intervals starting when the
animals were 4 weeks of age and ending at 7 weeks of
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Figure 2. Real-time PCR analysis of glomerular RNA from wild-type, Alport,
DKO, and a1 integrin-deficient mice. Glomerular RNA from four indepen-
dent sets of animals was analyzed for mRNA encoding the indicated MMPs.
Data were normalized to GAPDH, which was run in multiplex with each
sample. Differences in expression were significant if 7 < 0.05 (*, for com-
parison with wild-type mRNA levels; **, for comparison of Alport MMP-9 with
al™/~ or DKO). WT, wild type; Alp, Alport; DKO, al integrin-deficient
Alport (double knockout); &1/~ a1 integrin-null.

age. Samples were analyzed for albumin and normalized
to urinary creatinine using the QuantiChrom BCG albumin
assay kit (DIAG-250) and the creatinine assay kit (DICT-
500) according to the manufacturer’s instructions (BioAs-
say Systems, Hayward, CA). Samples from four to five
mice per group were run in triplicate, and the mean
values for each measurement plotted.

Transmission Electron Microscopy

Transmission electron microscopy was performed as de-
scribed previously.® All samples were from 7-week-old
treated (BAY 12-9566 from 4 to 7 weeks of age) or un-
treated animals. At least six glomeruli were analyzed from
three different animals for each treatment group, and
representative transmission electron microscopy images
are shown.

Data Presentation and Statistical Analysis

Data are expressed as mean = SD. Differences between
means were tested for significance using Student’s t-test.
Differences were considered significant at the level of
P < 0.05.

Results

We previously reported that progressive glomerular
pathology in the Alport mouse is characterized by a
marked expansion of the mesangial matrix, and that
Alport mice that are also null for a1 integrin do not
show mesangial matrix expansion.® Figure 1 demon-
strates that a1B1 integrin is primarily expressed on
mesangial cells in wild-type and Alport glomeruli, and
is completely absent in glomeruli from integrin a1-null
mice. Laminin a2 chain-specific immunostaining was
used as a marker for mesangial matrix (Figure 1, B and
E). As previously reported,® laminin «2 localizes to
both the mesangium and the GBM in Alport glomeruli
(Figure 1H). Given that a1B1 integrin localizes to glo-
merular mesangium, we surmised that the a1 integrin
influence on glomerular pathogenesis must emanate
from the mesangial cell compartment.

Because attenuated mesangial expansion in al in-
tegrin-null Alport mice might reflect altered matrix re-
modeling in integrin a1-null mesangial cells, we pro-
filed expression of the gelatinases in glomeruli isolated
from these mice. Glomeruli from 7-week-old wild-type,
Alport, integrin a1-null, and DKO mice were collected
using a magnetic bead isolation technique.'® RNA from
four independent sets of mice was isolated and ana-
lyzed in triplicate experiments using real-time RT-PCR
for expression of MMP-2, MMP-9, and MT1-MMP. As
shown in Figure 2, expression of MMP-9 mRNA is
significantly elevated (more than fourfold) in Alport
glomeruli compared to wild-type controls. Expression
of MMP-2 and MMP-14 mRNAs, however, did not vary
significantly in glomeruli from wild-type versus Alport
mice. In contrast, mMRNAs for MMP-2, MMP-9, and
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Figure 3. MMP-2 and MMP-9 immunostaining in glomeruli from wild-type,
integrin a1-null, and Alport mice. Cryosections of wild-type mouse kidneys
(A—C), a1 integrin-null mouse kidneys (ID—F), and Alport kidneys (G-I from
7-week-old mice were analyzed by immunofluorescence microscopy using
antibodies specific for either MMP-2 (I: A, D, G) or MMP-9 (II: A, D, G).
Laminin a2 was used as a marker for the mesangial matrix for WT and al1™'~
immunostains (I and Il: B and E); for Alp mice, laminin a2 localizes to both
the mesangial matrix and the GBM. Dual immunostaining is shown in C, F,
and I for both panels. WT, wild type; a1™/~, al integrin-null; Alp, Alport.
Original magnifications, X400.

MMP-14 were significantly elevated in glomeruli from
both integrin a1-null mice and DKO mice compared to
wild-type mice.

To address whether protein expression is also ele-
vated in glomeruli from a1-null mice and Alport com-
pared to wild-type mice, we performed immunofluores-
cence analysis using antibodies specific for MMP-2
and MMP-9 (we were unable to identify a suitable
antibody for MMP-14). Age (7 weeks)- and strain-
matched kidneys from wild-type, integrin a1-null, and
Alport mice were embedded in the same blocks, allow-
ing uniform immunostaining and processing. Immuno-
staining for the a2 chain of laminin was used as a
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marker for the glomerular mesangium for wild-type and
integrin a1-null glomeruli. As mentioned, both the GBM
and the mesangium are immunopositive for laminin a2
chain in Alport glomeruli. The results in Figure 3 show
that immunostaining for both MMP-2 and MMP-9 local-
izes to the glomerular mesangium of both wild-type
mice and integrin a1-null mice based on co-localiza-
tion with laminin «2. Immunostaining is weak in wild-
type glomeruli (Figure 3, IA and I[IA), and robust in
glomeruli from integrin a1-null mice (Figure 3, ID and
IID). Cryosections from age-matched Alport mice were
also examined, and show more widespread and diffuse
immunolocalization, consistent with expanding mesan-
gium in these mice. It is difficult to rule out podocyte
contribution to elevated MMP-9 expression in Alport
glomeruli. Immunostaining for MMP-9 is more robust in
Alport glomeruli relative to wild type, consistent with
real-time PCR results of RNA from isolated glomeruli
(Figure 2). These results confirm higher expression of
these MMPs in the glomeruli of a1-null animals com-
pared to wild type, and suggest that mesangial cells of
the glomerulus are the source of elevated MMP expres-
sion, at least for wild-type and «1-null mice.

Absence of a1 integrin may influence collagen-medi-
ated cell signaling events resulting in the up-regulation of
gelatinase expression. Previous studies have linked the
MAPK signaling pathway to collagenase expression and
matrix remodeling.?” We examined MAPK activation sta-
tus in isolated glomeruli of wild-type mice compared to
integrin a1-null mice. Glomeruli were isolated from the
7-week-old mice, lysed in RIPA buffer, and analyzed by
Western blot for activation of both the p38 and ERK 1/2
branches of the MAPK pathway. The results in Figure 4
show that ratios of pp38:p38 and pERK1/2:ERK 1/2 were
elevated in glomerular extracts from integrin a1-null mice
relative to wild-type controls.

Isolated glomeruli are comprised of podocytes, en-
dothelial cells, and mesangial cells in a matrix and
cytokine-rich microenvironment. Thus, biochemical
analysis of MAPK signaling in whole glomeruli will not
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Figure 4. Both pERK and pp38 levels are elevated in isolated glomeruli from
integrin a1-null mice relative to wild-type mice. Extracts of isolated glomeruli
from wild-type and integrin al-null mice were immunoblotted and probed
with antibodies against the indicated components of the MAPK cascade. The
ratios of phosphorylated to unphosphorylated proteins were measured by
densitometry and are presented in bar graph format on the right. WT, Wild
type; a1~/ 7, al integrin-null.
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Figure 5. Qualification of primary mesangial cell cultures. I: Immunostaining
results for a typical primary mesangial cell preparation is shown. A, Anti-
desmin; B, anti-fibronectin; C, anti-smooth muscle actin; D, anti-vimentin; E,
anti-von Willebrand factor (a marker for endothelial cells). Cells were neg-
ative for podocyte markers podocin, nephrin, and CD2AP (not shown). II:
FACS analysis of wild-type and integrin a1-null mesangial cells using anti-al
integrin antibodies. Primary cultured mesangial cells from either wild-type
(ITA) or integrin al-null (IB) mice were reacted with either a monoclonal
antibody specific for al integrin (solid lines) or a nonreactive isotype-
matched control antibody (dashed lines). After reaction with a fluorescein
isothiocyanate-conjugated secondary antibody, immunopositive cells were
detected by fluorescence-activated cell sorting. Histograms represent a gated
population of live mesangial cells and are representative of three indepen-
dently conducted experiments from distinct culture derivations. Original
magnifications, X630.

likely reflect what is happening in the mesangial cells,
even though they are the principal integrin a1-positive
cell in the glomerulus (Figure 1). Because Figure 3
suggests mesangial cells are the principal source of
elevated MMPs in integrin a1-null glomeruli, we de-
rived primary mesangial cell cultures from wild-type,
Alport, DKO, and integrin a1-null mice for further anal-
ysis. The cells were cultured from isolated glomeruli as
described in the Materials and Methods. Figure 5
shows qualification results from a typical preparation.
Figure 51 shows that the cells were immunopositive for
desmin, fibronectin, smooth muscle actin, and vimentin
(Figure 5, A-D, respectively), accepted markers for
mesangial cells.?? They were negative for von Wille-
brand factor, a marker for endothelial cells (Figure 5E).
They were also immunonegative for podocin, nephrin,
and CD2AP, suggesting an absence of podocyte con-
tamination (data not shown). Because these cells are
cultured, it is important to confirm that the wild-type
cells express a1B1 integrin. Cells were stained with a
monoclonal antibody specific for «181 integrin,® or an
isotype-matched nonreactive antibody and analyzed
by fluorescence-activated cell sorting. Figure 5lI
shows that the wild-type cells are immunopositive for
al1B1 integrin (Figure 51IA), whereas the a1 integrin-
null cells express no a1B1 integrin (Figure 51I1B). These

results confirm that the mesangial cell culture system
we have established should allow us to explore the role
of a1B1 integrin in regulating gelatinase expression.

RNA from wild-type, Alport, DKO, and integrin a1-
null mesangial cells cultured on type | collagen was
analyzed for expression of MMP-2, MMP-9, and
MMP-14 using real-time RT-PCR. Four independent
preparations of mesangial cells were analyzed in trip-
licate. The results in Figure 6A illustrate that mRNAs
encoding all three MMPs are significantly elevated in
mesangial cells from integrin a1-null mice and DKO
mice compared to wild-type controls. Cultured mesan-
gial cells from Alport mice showed significantly ele-
vated levels of MMP-9 compared to wild-type cells, but
normal expression levels of MMP-2 and MMP-14.
These data are nearly identical to results obtained with
isolated glomeruli (Figure 2), suggesting that dysregu-
lation of gelatinase expression in «1 integrin-null and
Alport glomeruli emanates from the mesangial cell
compartment. Gelatinase activity in serum-free media
conditioned by these same cultures was assessed us-
ing gelatin zymography. Figure 6B shows gelatinase
activity for both MMP-2 (both the pro and active iso-
forms) and MMP-9 was elevated in medium condi-
tioned by a1-null mesangial cells compared to wild-
type mesangial cells. Cultured mesangial cells from
Alport mice showed elevated MMP-9, but not MMP-2.
Interestingly, although MMP-9 mRNA in Alport mesan-
gial cells was higher than that in a1-null mesangial
cells, MMP-9 activity was considerably lower in media
from Alport versus integrin a1-null cells. This may in-
dicate translational or secretory differences in cultured
mesangial cells from the two mouse models. Medium
conditioned by HT-1080 cells (a human fibrosarcoma
cell line) was used as a positive control (human MMPs
run slightly faster than mouse MMPs). The zymography
presented was qualitatively consistent with similar zy-
mographs from three other different independently de-
rived sets of cells.

The endogenous inhibitors of the MMPs influence MMP
activity in vivo. We examined mRNA expression of
TIMP-1, -2, -3, and -4 in wild-type (WT), Alport (ALP),
integrin a1-null (a17/7), and integrin a1-null Alport (DKO)
mesangial cells using RT-PCR. The results in Figure 6C
show that TIMP-1 is markedly elevated in Alport mesan-
gial cells relative to wild-type cells, and TIMP-3 mRNA is
markedly decreased in Alport mesangial cells relative to
wild-type cells. These results are surprisingly similar to
those we reported earlier for total kidney RNA using
Northern blots.?® In integrin a1-null Alport (DKO) cells,
the effect of the Alport mutation was ameliorated. Like
al-null cells, DKO cells did not differ significantly from
wild-type cells for expression of TIMPs. There was no
effect of either Alport or a1-null genotype on TIMP-2 gene
expression in cultured mesangial cells. TIMP-4 was not
expressed in any of the mesangial cell cultures (data not
shown).

The activation status of the MAPK signal transduction
pathway was analyzed in cultured mesangial cells from
wild-type, integrin a1-null, and Alport mice by Western
blot analysis using antibodies specific for pp38/p38 or
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integrin-null; DKO, integrin al-null Alport.

pERK/total ERK. The results in Figure 7 illustrate that both
the p38 and ERK branches of the MAPK signal transduc-
tion pathway are activated (based on ratios of pp38/p38
and pERK/ERK) in mesangial cells from integrin a1-null
mice relative to wild-type mice, data that is again consis-
tent with that observed in isolated glomeruli (Figure 4).
Alport mesangial cells show no difference in either p38 or
ERK activation compared to wild-type cells.
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Figure 7.Mesangial cells from al-null mice, but not Alport mice, have
elevated levels of pp38 and pERK relative to wild-type mice. Cell lysates from
wild-type (WT), integrin al-null (al-null), and Alport (Alp) mesangial cell
cultures were electrophoresed and transferred to PVDF membranes and
phosphorylated ERK 1/2 (pERK 1/2), total ERK 1/2 (ERK 1/2), phosphory-
lated p38 (pp38), or total P38 (p38) was detected by Western blotting using
specific antibodies. Qualitatively similar results were observed using lysates
from three independently derived sets of cultures.

Previous studies have linked both the ERK and p38
branches of MAPK with regulation of MMPs."*28 We used
a series of small molecule inhibitors aiming to determine
whether one or both branches of MAPK are regulating
MMP-2, -9, and -14. Mesangial cells were either un-
treated or treated with herbimycin (inhibits both branches
of MAPK), PD 98059 (inhibits the ERK1/2 branch of
MAPK), or SB 203580 (inhibits p38 branch of MAPK).
RNA was isolated and analyzed for expression levels of
MMP-2, MMP-9, and MMP-14 using real-time RT-PCR.
RNA from four independently isolated primary mesangial
cell cultures were analyzed in triplicate. The results in
Figure 8 show that blocking the p38 branch of MAPK in
a1 integrin-null cells brings mRNA expression levels of
MMP-2, MMP-9, and MMP-14 down to levels observed in
wild-type controls. In contrast, blocking the ERK branch
of MAPK had no effect on expression of these same
MMPs. Blocking both branches with herbimycin had an
intermediate effect, likely attributable to partial inhibition.
An identical experimental design strategy was used us-
ing cells from Alport mice and DKO mice to determine
whether the MAPK pathway regulates MMP-9 in these
cells. In mesangial cells from Alport mice, elevated
MMP-9 expression was unaffected by the p38 MAPK
inhibitor, whereas induction of MMP-9 was completely
abolished with the ERK MAPK inhibitor (Figure 9, top). For
integrin a1-null Alport (DKO) mesangial cells, both p38
MAPK and ERK MAPK signaling influenced MMP-9 ex-
pression (Figure 9, bottom).

We surmised that attenuated glomerular disease in Al-
port mice on an integrin o 1-null background might be linked
to elevated gelatinase expression (MMP-2, MMP-9, and
MMP-14) resulting from the absence of integrin a1B1. To
test this hypothesis we used the matrix metalloproteinase
inhibitor BAY-12-9566. This compound has selective sub-
strate specificity for MMPs, with Ki in the nM range for
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Figure 8. p38 MAP kinase but not ERK 1/2 kinase is required for increased
expression of MMP-2, MMP-9, and MMP-14 in mesangial cells from al-
integrin-deficient mice. Mesangial cells were incubated for 24 hours in the
presence of herbimycin (1.0 umol/L), SB 203580 (p38 inhibitor, 10 wmol/L),
or PD 98059 (ERK 1/2 inhibitor, 40 wmol/L). RNA prepared from three
independently derived sets of mesangial cells was analyzed in triplicate for
mRNA encoding MMP-2, MMP-9, and MMP-14 using real-time PCR. Data
were normalized to GAPDH, which was run in multiplex with each sample.
Asterisks denote statistically significant differences (P > 0.05) in specific
MMP expression when comparing: “normal and integrin @1-null mesangial
cell RNA; *drug-treated al-null and vehicle-treated al-null mesangial cell
RNA. C, control; N—/— al integrin-null; H, herbimycin; PD, PD 98059; and
SB, SB 203580.

MMP-2 and MMP-9.2°3° BAY-12-9566, or a carboxymeth-
ylcellulose vehicle was administered by oral gavage to wild-
type mice or integrin a1-null Alport mice starting at 4 weeks
of age until 7 weeks of age. Three sets of animals were
analyzed in triplicate. We chose to measure albuminuria as
a measure of GBM integrity. Urine was collected at weekly
intervals and analyzed for albuminuria normalized to urinary
creatinine using QuantiChrome colorimetric assays (BioAs-
say Systems). Figure 10l shows that the MMP inhibitor sig-
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Figure 9. Increased expression of MMP-9 in Alport mesangial cells is regu-
lated by ERK1/2 MAP kinase but not p38 MAP kinase. The same experimental
strategy used in Figure 8 was used to characterize MMP-9 regulation in
mesangial cells from Alport mice (top) and integrin al-null Alport mice
(bottom). RNA prepared from three independently derived sets of mesangial
cells was analyzed in triplicate. Data were normalized to GAPDH, which was
run in multiplex with each sample. Asterisks denote statistically significant
differences in specific MMP expression when comparing results from vehicle-
treated Alport or DKO mesangial cells with drug-treated Alport or DKO
mesangial cells (P > 0.05). Wt, wild type; A, Alport; DK, al-null Alport; H,
herbimycin; PD, PD 98059; SB, SB 203580.

nificantly reduced the progression of albuminuria across all
time points in DKO mice given BAY-12-9566 compared to
DKO mice given only carboxymethylcellulose carrier. Simi-
lar measures for Alport mice are included as reference,
demonstrating reduced proteinuria in DKO mice relative to
Alport mice as previously documented.® We examined the
effect of BAY-12-9566 treatment on GBM ultrastructure in
these same mice using transmission electron microscopy.
Figure 10ll shows that GBM architecture in treated mice
(Figure 101ID) is improved compared to carboxymethylcel-
lose-treated control DKO mice (Figure 10IIC) resulting in
GBM architecture similar to wild-type mice (Figure 10IIA).
Age-matched (7 weeks) Alport GBM architecture is pro-
vided for a reference (Figure 10I1IB). We previously reported
that BAY-12-9566 treatment had no measurable effect on
Alport renal disease progression.®*These data suggest that
elevated glomerular MMP expression imparted by the a1-
null genotype actually exacerbated glomerular disease pro-
gression in DKO mice, suggesting that the a1-null genetic
background has both positive® and negative (shown here)
effects on the progression of glomerular disease in these
mice.

These observations leave unanswered the question
regarding why the integrin a1-null genotype results in
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markedly slowed progression of Alport glomerular dis-
ease as noted previously.® In a recent report we demon-
strated a mechanistic link between metalloelastase
(MMP-12) expression and GBM damage in Alport mice.?*
Given the obvious effects of a1 integrin-null background
on MMP-2, -9, and -14 demonstrated in this work, we
surmised that MMP-12 expression might also be influ-
enced by the a1 integrin-null background in Alport mice.
To address this, we examined MMP-12 expression in
glomerular RNA from 7-week-old wild-type, Alport, inte-
grin a1-null, and DKO mice using RT-PCR. The results in
Figure 1011l show that MMP-12 expression in Alport glo-
meruli is markedly induced relative to wild-type glomeruli
as previously reported.?* The a1-null background results
in amelioration of MMP-12 induction in DKO mice to
levels comparable to wild-type mice. This observation
may account, in part, for the observed improvement of
glomerular function in a1 integrin-null Alport mice.
Reminiscent to the results shown in Figure 6C, these
findings collectively suggest a complex effect of the
a1-null background on the proteolytic machinery of the
renal glomerulus in Alport mice, with elevated expres-
sion of some MMPs (MMP-2, -9, and -14) and suppres-
sion of potentially deleterious dysregulation of other
molecular players in matrix homeostasis (MMP-12,
TIMP-1, and TIMP-3).

Discussion

In an earlier study we showed that neutralization of
integrin «1B1 reduces glomerular pathology and nearly
doubles the life span in the Alport mouse model.® The
specific mechanism(s) underlying this observation
have remained obscure. The present study was under-
taken in an attempt to shed light on how «1p1 integrin
influences extracellular matrix homeostasis in glomer-
uli. We show that the expression of MMP-2, MMP-9,
and MMP-14 are significantly elevated in both isolated
glomeruli and in cultured primary mesangial cells from
integrin a1B1-deficient mice compared to wild-type
mice. Elevated MMP-2, MMP-9, and MMP-14 expres-
sion is linked to activation of the p38 branch of the
MAPK signaling pathway. As inferred from the speci-
ficity of the inhibitor used in these studies (SB 203580),

Figure 10. Treatment of integrin al-null Alport (DKO) mice with BAY-12-
9506 ameliorates the progression of albuminuria, restoring relatively normal
GBM architecture. I Wild-type mice and DKO mice were treated daily with
BAY-12-9566 or carboxymethylcellulose carrier starting at 4 weeks of age
until 7 weeks of age. Untreated Alport mice were included as a reference for
reduced proteinuria in DKO mice. Three to five sets of animals were ana-
lyzed in triplicate. Urine was collected at weekly intervals and analyzed for
urinary albumin and normalized to urinary creatinine using commercial
quantitative colorimetric plate assays (see Materials and Methods). DKO,
integrin al-null Alport; DKO BAY, DKO treated with BAY-12-9566. IT: Trans-
mission electron microscopic analysis of GBM architecture from 7-week-old
wild-type (A), Alport (B), vehicle-treated (from 4 to 7 weeks) DKO (C), and
BAY-12-9566-treated (4 to 7 weeks) DKO (D) mice. IIl: MMP-12 induction is
ameliorated in DKO mice relative to Alport mice. Glomerular RNA from
7-week-old wild-type (WT), Alport (ALP), integrin al-null (al~/7), and
integrin al-null Alport (DKO) mice was analyzed for MMP-12 mRNA using
RT-PCR. The bottom row of bands shows mRNA for glyceraldeyde-3-phos-
phate dehydrogenase (GAPDH), a housekeeping gene, which was used as a
loading control. Scale bars = 500 nm.



770  Cosgrove et al
AJP March 2008, Vol. 172, No. 3

regulation of these MMPs involves either the « or B
isoforms of p38.2" In contrast, both glomeruli and mes-
angial cells from Alport mice showed elevated levels of
MMP-9, but not MMP-2 or MMP-14. In this case, treat-
ment of Alport mesangial cell cultures with MAPK in-
hibitors revealed MMP-9 regulation by the ERK signaling
pathway. In mesangial cells from integrin a1-null Alport
mice, both ERK and P38 MAPK show regulatory influence
on MMP-9 expression. Treatment of a1-null Alport mice with
MMP-inhibitor BAY-12-9566 from 4 to 7 weeks of age ame-
liorated the progressive increase in proteinuria, infer-
ring improved glomerular function. Thus, in addition to
its beneficial effects the a1 integrin-null background
causes imbalances in MMP expression that are dele-
terious to glomerular health. This may help explain why
the a1 integrin-null background results in exacerbated
glomerular injury in diabetic mice,*? and after glomer-
ular injury with adriamycin.®

On the other hand we also show that the a1-null back-
ground has a neutralizing effect on other important reg-
ulators of basement membrane homeostasis, MMP-12,
TIMP-1, and TIMP-3. Suppression of MMP-12 expression
in the al1-null background would certainly contribute to
attenuated Alport glomerular disease progression based
on recently published work showing that MMP-12 con-
tributes to GBM destruction in Alport syndrome.?* TIMP-1
is widely thought to be the main endogenous inhibitor of
MMP-9 based on its binding affinity for MMP-9,333% so
the observed marked induction of TIMP-1 would likely
reduce the effects of MMP-9 induction in Alport glomeruli.
In DKO glomeruli, suppression of TIMP-1 induction might
exacerbate the effects of elevated MMP-9 expression.
TIMP-3 inhibits MMP-1, -2, -3, and -14.%° We show sup-
pression of TIMP-3 in Alport mesangial cells, which would
likely result in elevated proteolytic activity from its target
MMPs. In DKO mesangial cells, suppression of TIMP-3
expression is not observed, which would be expected
to restore the normal balance of TIMP-3 activity with its
MMP targets. Overall, our findings suggest the a1-null
background results in a complex effect on the proteo-
lytic machinery affecting matrix metabolism in the Al-
port renal glomerulus. This multigenic effect would be
expected to influence different glomerular disease
models in distinct ways.

The role of MMPs in Alport glomerular pathogenesis
has been explored previously. MMP-9 (gelatinase B)
knockout mice were crossed with Alport mice, and the
double mutants showed no influence of MMP-9 on glo-
merular disease progression.®® Studies using a small
molecule inhibitor cocktail specific for MMP-2, MMP-3,
and MMP-9 showed that Alport glomerular function was
improved if the drugs were administered early in the
disease progression, and exacerbated if the drugs were
administered late in the disease progression.®” These
experiments were performed using Alport mice on the
C57BL/6 background, and are in contrast to similar ex-
periments performed on the 129 Sv/J background, which
show no effect of BAY-12-9566 on renal disease progres-
sion in Alport mice.?* These two mouse strains differ in
GBM composition because of a strain-dependent type IV
collagen isoform switch, which results in the expression

of an atypical collagen network in the GBM comprised of
a5(1V)/a6(1V) chains.38 A recent review addressed strain
consideration in Alport mice.3® It is likely that this strain-
related difference in type IV collagen composition of the
GBM contributes to the prolonged lifespan of Alport mice
on the C57BL/6 background compared to Alport mice on
the 129 Sv/J background; however, a quantitative trait
locus has also been correlated with prolonged lifespan in
C57BL/6 Alport mice.*® There is little doubt that the atyp-
ical collagen network could influence glomerular gene
expression. For example, MMP-2 is elevated in glomeruli
of C57BL/6 Alport mice®” but not 129 Sv/J Alport mice
(this study),?* quite possibly owing to the different colla-
gen composition of the GBM in the two strains. Indeed
this difference might explain why gelatinase inhibitors
ameliorate disease progression in C57BL/6 Alport mice
but not 129 Sv/J mice.?*3” In this study we show that a
gelatinase inhibitor improves glomerular function in inte-
grin a1-null Alport mice, which are on the 129 Sv/J back-
ground. These mice are similar to C57BL/6 Alport mice
with respect to elevated expression of MMP-2. Collec-
tively, these data suggest MMP-2 might be an important
modulator of GBM disease progression in Alport mouse
models in which elevated expression of MMP-2 is ob-
served. Definitive work linking MMP-2 to Alport glomeru-
lar disease is still lacking.

Both the ERK and P38 branches of the MAPK pathway
have been implicated in MMP regulation in both cultured
mesangial cells and in glomerular disease states.'*?® The
signaling cascades involved appear to function via cross
talk with growth factor signaling mechanisms including
transforming growth factor-B, epidermal growth factor, and
platelet-derived growth factor.*'~*® Normal mesangial ma-
trix remodeling requires a delicate balance of synthesis and
degradation, and an imbalance in this process can lead to
mesangial matrix accumulation, impeding the normal func-
tion of the mesangial cells and contributing to the progres-
sion of certain glomerular diseases.

Deletion of the a1 integrin subunit by targeted mu-
tagenesis results in a mouse with no obvious discernable
phenotype.'® Through the use of this model the collagen
binding integrin a1B1 has since been shown to be an im-
portant mediator of angiogenesis and tumor growth.'!44
Earlier work from this and other laboratories have also
clearly implicated a role for a181 integrin in chronic inflam-
matory diseases using both integrin a1-null mice and neu-
tralizing antibodies against «1B1 integrin. The work was
initiated in studies using the Alport mouse model® and ex-
panded to include models for chronic inflammatory bowel
disease,*® rheumatoid arthritis,*® crescentic nephritis,*”
and anti-Thy1 nephritis.*" Most of the leukocytes recruited
in these inflammatory diseases were immunopositive for
a1B1 integrin,*® even though a1p1-positive leukocytes con-
stitute only a minor fraction of the peripheral blood
leukocyte population. Whether this observation is at-
tributable to selective recruitment, selective prolifera-
tion, or some combinations of these is not yet known.
Nonetheless, when these studies are viewed in the
context of the findings presented here, it appears that
the effects of a al-null background on Alport renal
pathogenesis is multifaceted, affecting (at least) matrix



remodeling in the glomerulus, and monocyte recruit-
ment in the tubulointerstitium. Clearly the a1-null back-
ground results in constitutively elevated metallopro-
teinase expression in the mesangium, and altered
MAPK signaling suggests that it likely affects expression of
other genes as well. This broader influence of the integrin
a1-null background on glomerular function might contribute
toward explaining why integrin a1-null mice have an in-
creased susceptibility to adriamycin-induced glomerulo-
sclerosis than wild-type mice.® This observation, when
viewed in the context of a1-null influence on Alport renal
disease progression, suggests absence of a1 integrin af-
fects the progression of specific renal diseases differently,
and can result in either acceleration or attenuation of dis-
ease progression. Further analysis of the apparent pleotro-
phic effects of «1B1 integrin signaling in the normal and
diseased glomerulus might provide clues regarding the
important molecular contributors to glomerular disease pro-
gression in these different disease models.

Mesangial cell matrix/integrin interactions have been
implicated in mesangial cell migration and proliferation,
maintenance of the glomerular capillary ultrastructure,
and preventing mesangial cell apoptosis.*®*° In addition
to roles for @181 integrin in mesangial cell function, 51
has been implicated as a regulator of both transforming
growth factor-B1 and plasminogen activator inhibitor-1,
suggesting a role for integrin «1B1 in mesangial matrix
remodeling.®" Besides the B1 integrins, integrin aVB3/
vitronectin interactions in the mesangium have been im-
plicated as contributing to mesangial matrix expansion in
diabetic nephropathy.®?

There has been a significant amount of work done
regarding the role of a1B1 integrin in mesangial matrix
remodeling. Much of this work has focused on the use of
collagen gel contraction assays as a means of demon-
strating effects on mesangial matrix remodeling mecha-
nisms. Mesangial cells cultured in the type | collagen gel
fail to contract the gel when cultured in the presence of
neutralizing antibodies against either integrin a1 or p1
subunits.>® Administration of these same neutralizing an-
tibodies to anti-thy-1 nephritic rats reduced mesangial
hypercellularity and mesangial matrix accumulation, sug-
gesting that the hypothesis in which «1B1 signaling influ-
ences mesangial matrix remodeling in disease states has
in vivo relevance. Transforming growth factor-B1 up-regu-
lates «1B1 integrin on mesangial cells, increasing adhesion
to collagen, migratory potential, and gel contraction.?”53
Platelet-derived growth factor treatment enhanced migra-
tion and gel contraction without influencing «1B1 integrin
expression in this system, via activation of the ERK branch
of MAP kinase.®?” This further exemplifies the pleotrophic
effects of «1B1 integrin signaling on mesangial cell behav-
jor in healthy and diseased glomeruli.

The constitutive activation of MAP kinase signaling in
the absence of a1B1 integrin likely results from de-
creased cell adhesion, suggesting cross talk between
focal adhesion kinase and/or integrin-linked kinase sys-
tems and the MAP kinase signaling pathway. Such cross
talk has been documented, but never in mesangial cells,
and never in relation to regulation of MMP expression.®*
Future studies will be aimed at further defining the com-
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plex nature of a1B1 integrin-mediated regulation of MMP
expression.

In summary, a1 integrin-null Alport mice show mark-
edly attenuated glomerular disease progression.® In this
work we show that the a1 integrin-null background results
in significantly elevated expression of gelatinases in both
glomeruli and cultured mesangial cells. Inhibiting these
gelatinases in al-integrin-null Alport mice slowed the
progression of albuminuria, suggesting that elevated ge-
latinases promote glomerular disease in this model. On
the other hand, the a1-null background results in amelio-
rated induction of MMP-12 and TIMP-1, as well as ame-
liorated suppression of TIMP-3. MMP-12 induction has
been linked to GBM destruction associated with Alport
syndrome,®* and TIMP-3 suppression might result in el-
evated activity of its MMP targets,3® resulting in further
GBM destruction. Therefore, the lack of a1 integrin in Alport
mice results in molecular changes that both promote (ele-
vated gelatinase activity), and protect (ameliorated induc-
tion ofMMP-12, and possibly ameliorated suppression of
TIMP-3) against glomerular disease progression. These
complex pleotrophic effects of a1 integrin on the proteolytic
machinery that regulates matrix metabolism would suggest
that neutralization of a1 integrin would affect different glo-
merular disease models in distinct ways. This is indeed
what has been observed thus far.3632
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