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Abstract
Extracellular matrix (ECM) remodeling regulates multiple cellular functions required for normal
development and tissue repair. Matrix metalloproteinases (MMPs) are key mediators of this
process and membrane targeted MMPs (MT-MMPs) in particular have been shown to be
important in normal development of specific organs. In this study we investigated the role of
MT1-MMP in kidney development. We demonstrate that loss of MT1-MMP leads to a renal
phenotype characterized by a moderate decrease in ureteric bud branching morphogenesis and a
severe proliferation defect. The kidneys of MT1-MMP-null mice have increased deposition of
collagen IV, laminins, perlecan, and nidogen and the phenotype is independent of the MT-1MMP
target, MMP-2. Utilizing in vitro systems we demonstrated that MTI-MMP proteolytic activity is
required for renal tubule cells to proliferate in three dimensional matrices and to migrate on
collagen IV and laminins. Together these data suggest an important role for MT1-MMP in kidney
development, which is mediated by its ability to regulate cell proliferation and migration by
proteolytically cleaving kidney basement membrane components.

Keywords
branching morphogenesis; basement membrane; matrix metalloproteinases; kidney

Introduction
The kidney is composed of multiple filtering units known as nephrons that connect to
collecting ducts which ultimately join together to form the ureter. The nephron, which
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consists of a glomerulus and highly differentiated tubules, is derived from the metanephric
mesenchyme (MM), while the collecting system is derived from the ureteric bud (UB).
Kidney development begins when the UB invades the MM which condenses and transforms
into epithelial cells that ultimately form the nephrons. Simultaneously, the MM signals to
the UB inducing it to undergo numerous iterations of branching morphogenesis [1].

The key function of the kidney is to maintain fluid and electrolyte homeostasis and to
excrete toxins from the body, which it does by selectively filtering and reabsorbing solutes
of different sizes and charges in the glomerulus as well as different nephron segments. Due
to the complexity of its functions, the kidney has developed some of the most specialized
basement membranes (BMs) in the body whose formation and turnover are tightly
controlled both spatially and temporally. The major constituents of these BMs are the ECM
proteins collagen IV, laminins and heparan sulphate proteoglycans [2]. A tight balance
between extracellular matrix (ECM) synthesis and degradation is important for normal
kidney development. Matrix metalloproteinases (MMP) are matrix degrading enzymes that
play an important role for the normal development and turnover of these BMs.

MMPs are a family of zinc-dependent endopeptidases that are either secreted and diffuse to
their sites of action or are bound to the cell surface where they mediate pericellular
proteolysis [3]. Although numerous MMPs are expressed in the kidney, the most extensively
studied are the gelatinases, MMP-2 and MMP-9, due to their ability to degrade collagens
and laminins, which are major kidney ECM components. MMP-2 and MMP-9 are expressed
in both the MM and the UB by day E11 in mice [4]. Blocking MMP-9, but not MMP-2,
synthesis or activity inhibits UB branching in organotypic cultures [4], however when
deoxynucleotides inhibited MMP-2 synthesis in E13 rat kidney cultures, decreased UB
branching morphogenesis was observed [5]. Despite these in vitro findings, mice harboring
targeted null mutations for MMP-2 [6], MMP-9 [7] or MMMP-2/MMP-9 [8] had no obvious
renal abnormalities. Although MMP-9 was demonstrated to preserve vessel structure and
alleviate blood pressure increases in a disease model of angiotensin-II induced hypertension
[9], progression of anti-glomerular basement disease was not affected in either MMP-2 or
MMP-9 null mice [10]. These minor or lack of effect on renal development or following
renal injury suggest that, in addition to gelatinases, other MMP family members might
modulate ECM turnover in the kidney.

MMP14, also referred to as MT1-MMP, which is the prototype membrane type (MT) MMP,
has been studied in the context of renal development. This enzyme has intrinsic proteolytic
capabilities and can also induce its effects by activating MMP-2 and MMP-13 [11].
Numerous ECM components, including collagens I, II and III, fibronectin, vitronectin,
laminins 111 and 332, fibrin and proteoglycans are substrates for MT1-MMP [12]. In
addition, MT1-MMP can cleave other cell surface proteins such as CD44 [13],
transglutaminase [14], low-density lipoprotein receptor related protein [15], the integrin αv
subunit [16], and syndecan-1 [17]. These highly divergent substrates for MT1-MMP make
this enzyme a critical regulator of the pericellular environment and allow it to regulate
multiple cellular functions. The physiological importance of MT1-MMP was demonstrated
by the multiple abnormalities observed in the MT1-MMP null mice, which die shortly after
birth with severe musculoskeletal abnormalities characterized by decreased chondrocyte
proliferation and decreased collagenolytic activity [18,19]. More recent investigations on the
musculoskeletal system have shown that reconstitution of MT1-MMP activity in the type II
collagen-expressing cells of the skeleton in MT1-MMP null mice rescues the diminished
chondrocyte proliferation in these mice and ameliorates the severe skeletal dysplasia by
enhancing bone formation. [20]. In addition, these null mice have submandibular gland
branching morphogenesis abnormalities [21] as well as defects in lung development [21,22],
angiogenesis [23] and myeloid cell fusion [24]. These deficiencies are ascribed to a lack of
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MT1-MMP catalytic ability, alterations in downstream pro-MMP-2 activation and
alterations in cell functions regulated by the MT1-MMP cytoplasmic tail.

MT1-MMP is widely expressed in the kidney and is found in the UB at E11 and the MM at
E12 [25]. Like the gelatinases, MT1-MMP function was shown to be required for UB
branching morphogenesis in kidney organ cultures, where it induced its affects, at least in
part, by activating MMP-2 [5]. In contrast to the gelatinase null mice, we previously
described subtle, but distinct renal abnormalities in 10-week-old out-bred MT1-MMP mice,
which were characterized by a proportional decrease in both cortical and medullary mass
[26]. Both the glomeruli and the tubules were slightly dysmorphic and these renal
abnormalities correlated with an increase in laminin 332 deposition, suggesting that lack of
laminin 332 cleavage by MT1-MMP accounted for these abnormalities [26].

Although these data defined a role for MT1-MMP in renal development and suggested its
role was the cleavage of at least one ECM component in renal BMs, the mechanisms
whereby the renal abnormalities occur is unclear. We therefore explored the role of MT1-
MMP in renal development in more detail and demonstrate that when MT1-MMP null mice
are bred onto a pure C57/B6 background, they die at P14 with small kidneys due to a severe
proliferative defect and a moderate UB branching abnormality. We show that MT1-MMP
does not activate MMP-2 in the kidney in vivo and the proteolytic activity of MT1-MMP is
required for normal UB branching in in vitro organ culture models. We further demonstrate
increased deposition of laminins, collagen IV, nidogen and perlecan in MT-MMP-null
kidneys. Utilizing MT1-MMP deficient renal tubular epithelial cells we show that MT1-
MMP proteolytic activity is required for normal cell migration on ECM components and
proliferation in 3 dimensional gels. Thus our results suggest that pericellular cleavage of
multiple BM components by MT1-MMP is important for cell proliferation and migration
and plays a critical role in normal kidney development.

Materials and methods
Morphological analysis of MT1-MMP null mice

MT1-MMP mice generated by Dr. M Seiki (University of Tokyo) were bred onto a pure
C57/B6 background [27]. Kidneys were isolated at different time points, fixed in 4%
formaldehyde for 1 hour and embedded in paraffin. Paraffin tissue sections were stained
with either hematoxylin and eosin or periodic acid-Schiff (PAS).

Glomerular count
Glomeruli were counted in the null and wild type mice as described previously [28]. Briefly,
individual kidneys were isolated from 2 week old mice and minced into 2-mm cubes.
Fragments were incubated in 5 ml of 6M HCl at 37°C for 90 min. Tissue was further
homogenized by repeat and vigorous pipetting. 25 ml of H2O was added and after overnight
incubation at 4°C, glomeruli in 1 ml of this solution were counted in a 35-mm counting dish;
each sample was counted 5 times. Total glomerular number per kidney was extrapolated
mathematically from the mean of these five counts.

Organ culture
Embryonic kidneys were isolated from E12.5 mice and cultured on top of transwell filters as
previously described [29]. For the TIMP studies, TIMP-1 or TIMP-2 were used at a
concentration of 15μg/ml. Seventy two hours later the kidneys were fixed in 4%
paraformaldehyde and stained with fluorescein-conjugated E-cadherin antibodies (BD
Transduction Laboratories), as described. Quantification of branching structures in 10
kidneys was performed as previously described [29].
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Zymography assays
Gelatin zymograms of kidneys were performed as previously described [30]. Briefly, equal
amounts of protein (30 μg/lane) were loaded on a 10% SDS PAGE containing 1 mg/ml
gelatin and run under non-reducing conditions. The gels were incubated in 50 mM Tris–
HCl, pH7.5, 0.1 MNaCl and 2.5% Triton-X100 for 2 h at room temperature, and then
incubated in 50 mM Tris–HCl, 1 mM CaCl2 and 0.02% NaN3 for 18 h at 37°C. The gels
were stained with Coomasie Blue to visualize MMP activity.

Immunoblotting
30 μg of total proteins were electrophoresed by SDS-PAGE and subsequently transferred to
nitrocellulose membranes. Membranes were incubated with different primary antibodies
followed by the appropriate HRP-conjugated secondary antibodies. Immunoreactive bands
were identified using enhanced chemiluminescence according to the manufacturer's
instructions. The following antibodies were used: Collagen IV (Biodesign International,
1:500), Laminin-ß1 chain (Mab 5A2 a gift from Dale Abrahamson, 1:100) Laminin-α3 chain
(a gift from Vito Quaranta, 1:1000), Laminin-α5 chain (Chemicon International, AB8948,
1:800), Nidogen (a gift from Peter Yurchenco as described by [31], 1:500), and Perlecan
(mAb a gift from Peter Yurchenco as described by [32], 1:250). FAK antibody bought
(Santa Cruz Biotechnology, sc558, 1:1000).

Immunohistochemistry
5 μm kidney sections were cut from paraffin blocks or frozen sections after which
immunohistochemistry was performed with the antibodies listed under the immunoblotting
section.

Generation of MT1-MMP expressing cell line
Inner medullary collecting duct (IMCD) cells were isolated and cultured from 10 day old
MT1-MMP null mice as described [33]. The cells were then transfected with either wild
type MT1-MMP or a previously described E240A MT1-MMP mutant that has no proteolytic
activity [34]. Levels of MT1-MMP expression in the reconstituted cells were verified by
flow cytometry utilizing an anti-rabbit MT1-MMP antibody (AB8345 from Chemicon).

Small interference RNA assay
MT1-MMP expression in murine UB cells was downregulated utilizing 2 separate small
interfering RNA duplexes corresponding to the target sequences
5’CAUCUGUGACGGGAACUUtt3’ and 5/AGUACUACCGGUUCAAUGAtt3’ (siRNAs
s69919 and s69920 from Ambion). Oligonucleotides were transfected into UB cells using
the Lipofectamine 2000 system (Invitrogen).

Cell migration
Cell migration was assayed as previously described [35]. Briefly, transwells with 8 μm pores
were coated with different ECM components and 1×106 cells were added to the upper well
in serum-free medium. The cells that migrated through the filter after 4 hours were counted.

Cell proliferation
For proliferation on specific ECM matrices, 5×103 cells were plated in 96-well plates,
coated with the matrix of interest, in complete medium. After 12 hours they were incubated
with DMEM (2% FBS) for 48 hours and then pulsed with 1 μCi/well [3H] thymidine for 24
hours (PerkinElmer Life Sciences). The cells were solubilized and radioactivity was
measured using a scintillation counter.
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For 3-Dimensional analysis, UB or IMCD cells were embedded within a 3-D collagen
matrix containing Collagen I and Matrigel as previously described [35] and maintained in
DMEM (10% FBS). After 12 hours, the cells were incubated in DMEM (2% FBS) for 48
hours and then pulsed with 1 μCi/well [3H] thymidine (PerkinElmer Life Sciences). Forty
eight hours later, the gels were removed from the plate and dialyzed in PBS for 24 hours to
remove unincorporated [3H] thymidine. The gels were subsequently solubilized in 100μl of
20% SDS. Radioactivity was measured using a scintillation counter.

Tubulogenesis Assays
Tubulogenesis of UB-derived cells was performed in 3D ECM gels as previously described
[35]. The gels were composed of 0.1 mg/ml Collagen I in DMEM containing 20 mM
HEPES (pH 7.2). For the Matrigel/Collagen I gels, a 1:1 mixture of the collagen solution
described above was mixed with growth factor-reduced Matrigel, giving a final
concentration of 0.5 mg/ml of Collagen I and 0.5 mg/ml of Matrigel. One hundred
microliters of medium supplemented with 10% FBS were added to the gels after they had
solidified

Statistics
Student's t-test was used for comparisons between two groups, and analysis of variance
using Sigma Stat software was used for statistical differences between multiple groups.
p<0.05 was considered statistically significant.

Results
Kidneys from MT1-MMP null mice are small and have a severe proliferation and mild
branching morphogenesis defect

We previously showed that MT1-MMP null mice bred on a mixed background die at 10
weeks of age and their kidneys are small, dysmorphic and dysplastic [26]. To define the
kidney developmental abnormalities further, we bred MT1-MMP-null mice onto a pure C57/
B6 background. These mice die between 10 and 15 days of age at which time they are
significantly smaller than their wild type controls and have musculoskeletal defects as
previously described [18,23]. At the time of death the kidneys were small, but the size was
proportional to the decreased size of the mice (Figs.1A and B). On light microscopy the
parenchyma of MT1-MMP null kidneys was less dense than that of their wild type controls,
suggesting a UB branching morphogenesis defect as well as decreased nephron formation.
The branching defect was clearly evident in the papilla of the kidney (Figs. 1C and D),
where the tubules were loosely packed, dilated and dysmorphic. The cortex of the MT1-
MMP null kidneys was small, the cortico-medullary junction poorly delineated and fewer
glomeruli were evident (Figs. 1E and F). The decreased number of glomeruli was confirmed
by glomerular counts (Fig. 1G). As MT1-MMP is expressed in the UB at E11.5 and MM at
E12.5 [25] and this expression is seen in the kidneys at all time points till adulthood, we
assessed the morphology of the kidneys from E12.5 till birth. Kidneys from MT1-MMP null
mice were smaller than those of wild type mice at all time points and this was associated
with a moderate UB branching and MM induction defect (examples at E13.5 and E17.5 in
Figs. 1H-K). The UB branching defect in the MT1-MMP-null mice was confirmed in in
vitro organ cultures of E12.5 kidneys (Figs. 1L-N), where a significant decrease in UB
branches in the mutant mice was observed. Kidneys from MT1-MMP-null mice proliferated
approximately half as much as kidneys from wild type mice when measured by Ki67
staining (Figs. 1O-Q) and there was no difference in apoptosis at any time point analyzed
(data not shown).
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These results demonstrate that the developmental phenotype in kidneys from MT1-MMP-
null mice begins early and is characterized by a severe proliferative and a moderate
branching defect.

The branching morphogenesis kidney phenotype of the MT1-MMP-null mice is
independent of MMP-2 and MMP-9 activity

MT1-MMP exerts its proteolytic effects on ECM by both its intrinsic enzymatic functions as
well as by activating MMP-2 [36]. To define which of these mechanisms caused the
developmental abnormalities in the MT1-MMP-null mice we cultured E 12.5 kidneys from
wild type animals with either TIMP-1, which specifically inhibits MMP-2 and MMP-9
activity, or TIMP-2 which inhibits MT1-MMP, MMP-2 and MMP-9 activity [37]. There
were no differences in UB branching morphogenesis of kidneys grown in the presence or
absence of TIMP-1 (Figs. 2A-B, D); however kidney branching morphogenesis was
decreased by approximately 33% (p< 0.01) by TIMP-2 (Fig 2C-D). To confirm that MMP-2
and/or MMP-9 did not play a role in the MT1-MMP-induced effects on renal development
we performed zymography to define the activity of these gelatinases on kidneys from MT1-
MMP-null and wild type mice. There was no difference in the activity of MMP-2 and
MMP-9 between these genotypes, confirming that the observed renal phenotype is
independent of MMP-2 and MMP-9 activity (Figs. 2E-F).

Together these results confirm that gelatinases are not required for UB branching
morphogenesis of the kidney and that MT1-MMP does not regulate gelatinase activity in the
kidney.

MT1-MMP proteolytic activity is required for renal tubular cells to proliferate and undergo
tubulogenesis in vitro

In addition to the moderate branching morphogenesis defect, a severe proliferative
deficiency was evident in the kidneys of MT1-MMP-null mice. To investigate the
mechanisms of both these defects we made use of a well described UB cell line derived
from E12.5 mouse kidneys that is able to undergo tubulogenesis in three dimensional
collagen/matrigel gels [29]. These cells endogenously express MT1-MMP (Fig. 3A), which
we were able to downregulate utilizing siRNA. When MT1-MMP siRNA treated UB cells
were placed in 3-dimensional gels they exhibited a moderately severe (50%) branching
morphogenesis defect when compared to control cells (Figs. 3B-D). Furthermore, the
tubules were smaller suggesting these cells had a proliferative defect. We therefore
determined the ability of these cells to proliferate in 3-D collagen I (data not shown) or
collagen I/matrigel gels by thymidine incorporation assays. As predicted, the MT1-MMP
siRNA treated UB cells had a severe proliferative defect (Fig. 3E). To define whether there
was a specific MT1-MMP-dependent substrate that regulated cell proliferation, we
performed thymidine incorporation assays on MT1-MMP siRNA treated UB cells grown on
various BM components expressed in the kidney. Interestingly, under these conditions
siRNA treated UB cells proliferated as well as untreated cells irrespective of the substrate
(undigested and trypsin digested collagen IV, laminins 111, 332 or 511) (Fig. 3F).

While the results presented above indicate that MT1-MMP expression is required for renal
tubule cells to proliferate in a 3-dimensional matrix, they do not define the requirement of
the proteolytic activity of MT1-MMP. We therefore isolated inner medullary collecting duct
cells from MT1-MMP null mice at postnatal day 15 and reconstituted them with either
human full length MT1-MMP or a proteolytically inactive E240A MT1-MMP mutant.
IMCD cells obtained from wildtype mice express MT1-MMP (data not shown). Cells were
sorted for equal expression of proteolytic enzyme by flow cytometry (Fig. 4A). When these
cells were placed in 3-dimensional collagen/matrigel gels (Fig. 4B) or collagen gels (data
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not shown) the MT1-MMP null IMCD cells reconstituted with wild type MT1-MMP
proliferated significantly more than either the MT1-MMP null IMCD cells or E240A
reconstituted cells.

Together these results show that MT1-MMP is required for normal branching
morphogenesis of UB cells in vitro and for proliferation of renal tubular cells in 3-
dimensional ECM matrices. Furthermore, we demonstrate the requirement of the proteolytic
function of MT1-MMP for renal tubular cell proliferation in 3-dimensional matrices.

Kidneys of MT1-MMP null mice have excessive amounts of ECM components
We previously demonstrated that the dysmorphic dysgenic renal phenotype of the MT1-
MMP null mice correlated with increased laminin 332 in renal tubules. However in the
experiments above we show that MT1-MMP is required for renal tubular cells to proliferate
and undergo tubulogenesis in 3-dimensional collagenI/matrigel gels which do not contain
laminin 322. This result suggests that MT1-MMP expressed by renal tubule cells exerts its
proteolytic effects on multiple ECM components. To examine this possibility further, we
performed immunohistochemistry on kidneys of MT1-MMP-null and wild type mice to
define whether there were differences in the amount of the predominant ECM components
of the kidney BM in vivo, namely collagen IV (α1α2α1), laminins 111, 332, 511/521,
entactin/nidogen and sulfated proteoglycans. Relative to the wild type controls, all
components of the BM were increased in either the tubules and/or the glomeruli of the MT1-
MMP null animals (Fig. 4A). These increases were confirmed on immunoblots of whole
kidney lysates of MT1-MMP-null mice (Figs 5B and C). Thus MT1-MMP regulates the
amount of all the major components found in the renal BM.

MT1-MMP proteolytic cleavage of laminins and collagen IV modulates renal tubular
epithelial cell migration

We next defined whether the lack of MT1-MMP-dependent ECM proteolysis affected
cellular migration which is known to be required for renal development. Cell migration of
UB cells where MT1-MMP was downregulated by siRNA was significantly decreased on
Ln-111, Ln-332, Ln-511, and Collagen IV, but not on trypsin cleaved collagen IV (Fig. 6A).
Conversely, MT1-MMP null IMCD cells expressing full length but not the E240A MT1-
MMP mutant migrated significantly more on all these substrates but not tryptically cleaved
collagen IV(Fig. 6B). Thus the proteolytic activity of MT1-MMP increases renal tubular
epithelial cell migration on the major ECM components found in renal tubule BMs.

Discussion
MT1-MMP remodeling of the pericellular ECM environment plays a critical role in bone
[18], lung [21,22] and submandibular gland development [21]. We now demonstrate that
MT1-MMP also plays a role in kidney development. Kidneys from MT1-MMP null mice
exhibit a severe proliferation and a mild to moderate UB branching defect with decreased
nephrogenesis. These morphological defects are associated with increased amounts of ECM
components of the BM. MMP-2 and MMP-9 activation was normal in the MT1-MMP-null
kidneys suggesting that MT1-MMP does not activate these gelatinases in the kidney. We
also demonstrate that MT1-MMP was required for kidney branching morphogenesis in
organ culture, renal tubular cell proliferation and branching morphogenesis in 3D matrix
gels as well as cell migration on multiple ECM components. Together these results suggest
that MT1-MMP regulates normal renal development due to its ability to cleave numerous
renal BM components. Although this work is a significant advancement as it combines in
vitro and in vivo assays to identify important MT1-MMP targets in BMs of the kidney, it is
still difficult to define the precise pathways whereby MT1-MMP results in the observed
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renal phenotype as MMPs proteolytically cleave so many ECM and non-matrix molecules
[38].

MT1-MMP is the only MMP shown to play a significant role in renal development both in
vivo and in vitro. We demonstrate a branching defect in the MT1-MMP null mice that
occurs early in development. This is consistent with the recent observation that the MT1-
MMP is a downstream target of ETS transcription factors Etv4 and Etv5, which are
positively regulated by Ret signaling in the UB tips [39]. The Ret-GDNF axis is one of the
critical determinants for the initiation and subsequent branching of the UB in renal
development [40–43].

The UB branching morphogenesis defect in MT1-MMP null mice, which is recapitulated in
an ex vivo organ culture model, is similar to that seen in the submandibular gland but not in
the lung where branching is normal [21,22]. Our data confirm previous studies
demonstrating a role for MT1-MMP in UB branching morphogenesis in vitro [5]. However,
contrary to these in vitro reports our data demonstrate that MT1-MMP modulates renal
branching morphogenesis by its inherent proteolytic activity and does not require MT1-
MMP/TIMP-2-dependent MMP-2 activation. These results are similar to the observation
that MMP2 activation occurs in fibroblasts isolated from MT1-MMP null animals [44] and
verifies that like lung development [22], MMP2 activation is not required for normal renal
development.

One of the most striking abnormalities in the MT1-MMP null kidneys is the proliferation
defect, which was also seen in our in vitro organ (data not shown) and 3D but not 2D cell
culture systems. These results are consistent with in vitro studies showing that pericellular
collagenolysis is required for cellular proliferation due to the inability of cells to generate
pericellular space for expansion rather than an intrinsic proliferation defect [45]. However it
was recently demonstrated that MT1- and MT2-MMP dependent cleavage of NC1 domains
of collagen IV is required for the proliferation and branching of the submandibular gland
[46]. In this system, it was proposed that NC1 domains signal via ß1 integrins to induce
epithelial proliferation by the induction of epithelial HB-EGF- and FGF1. In contrast, other
studies have shown that MT1-MMP can cleave growth factors that are important for
mediating cell proliferation. For example HB-EGF [47], decorin [48]and semaphorins [49]
have been shown to be substrates for MT1-MMP. Thus it is possible that MT1-MMP
increases cell proliferation by inducing both ECM proteolysis and processing growth factors
like HB-EGF to a more active form. Finally it is possible but unlikely, due to the lack of
TUNEL staining seen in the MT1-MMP null kidneys and the data showing that MT1-MMP
needs to be active to induce its cellular effects in vitro (Figures 4 and 6), that the effects seen
in the MT1-MMP null mice is caused by increased cell apoptosis. MT1-MMP has been
demonstrated to induce apoptosis by cleaving the ectodomain of death receptor-6 by signal
transduction through its cytoplasmic domain [50].

The kidney is the only organ in MT1-MMP null mice to show BM abnormalities. We
previously demonstrated an increased deposition of the laminin γ2 chain [26] and now we
show that all the major components of the BM are increased in vivo. This study is the first
demonstration of increased nidogen and perlecan deposition in any organ in the absence of
MT1-MMP and is consistent with the ability of MT1-MMP to digest these ECM
components in vitro [51]. Our observation of increased BM components in the kidney in the
MT1-MMP mice contrasts with data on the submandibular gland which shows that BM
components were increased only when MT2- but not MT1-MMP was downregulated by
siRNA [46]. In the submandibular culture model with MT2-MMP siRNA, the α2 chain of
collagen IV and the laminin α5 chain were increased due to both decreased degradation and
an increase in production. The increased collagen IV in the MT1-MMP null kidney was less
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than that of other BM components, suggesting that MT2-MMP might also be the major MT-
MMP for collagen IV degradation in the kidney in vivo. The role of MT2-MMP in renal
development has not been defined, however based on the data from the submandibular gland
where it has been shown that MT2- and MT1-MMP negatively regulate each other's
expression levels it is likely that this kind of regulation also exists in the kidneys

We show that migration of renal tubular cells that express MT1-MMP is increased on
laminins 111, 322, 511 and collagen IV (α1α1α2). These data confirm multiple other studies
demonstrating that MT1-MMP plays a role in mediating cell migration on two-dimensional
collagen substrates [52,53]. In addition this study verifies our previous work showing that
MT1-MMP modulates cell migration on laminin 332 [26] and extends these observations to
laminins 111 and 511. The mechanism whereby MT1-MMP modulates cell migration is
unclear, however our data utilizing the cleaved and uncleaved collagen IV suggests it is by
exposing cryptic sites within cleaved ECM.

In conclusion we have shown that MT1-MMP plays an important role in renal development,
where it regulates both cell proliferation and branching morphogenesis. These affects are at
least in part mediated by the direct ability of MT1-MMP to proteolytically cleave multiple
ECM components of the BM. Based on the critical role of MT2-MMP in submandibular
gland development in vitro, it is likely that both MT1- and MT2-MMP regulate renal
development. The specific roles of the different MT-MMPs will only be defined when
floxed mice for these proteases are generated so that compound and cell specific mutants
can be analyzed in detail.
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Figure 1. Kidneys from MT1-MMP-null mice are dysmorphic and dysgenic
(A-F) Microscopy of hematoxylin and eosin stained kidney slides taken from P10 mice
show decreased size of the MT1-MMP null (Null) relative to wild type (WT) mice (100x)
(AB). Loosely packed, dilated and dysmorphic tubules were present in the papilla (400x) (C-
D) and the cortico-medullary junction is poorly delineated and fewer glomeruli were evident
in the MT1-MMP null kidneys (400X) (E-F). (G) The number of glomeruli in null and WT
animals were determined as stated in the methods and expressed as the average+/− the
standard deviation. A significant difference in the number of glomeruli between 5 mice from
each genotype was present (p<0.05). (H-K) Hematoxilin and esoin stained slides of E13.5
(100X) (H-I) and E17.5 (100X) (J-K) shows that the MT1-MMP kidneys were smaller with
a moderate UB branching defect. (L-N) E12.5 MT1-MMP and wild type kidneys were
isolated, grown on transwells and stained for E-cadherin as described in the methods (L-M).
The number of branches in 10 kidneys of MT1-MMP null and WT mice were counted and
expressed as the average +/− the standard deviation. There was a significant difference in
branch number between genotypes (p<0.05). (O-P) Cell proliferation in newborn kidneys
from MT1-MMP null and WT mice was defined by Ki67 staining. The number of cells in 10
high powered fields in 4 mice per genotype was counted. The average and standard
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deviation is presented. * denotes a significant difference in proliferating cell number
between genotypes (p<0.05) (P).
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Figure 2. The branching morphogenesis kidney phenotype of the MT1-MMP-null mice is
independent of MMP-2 and MMP-9 activity
(A-D) E12.5 kidneys of wild type mice in the presence of no inhibitor (A), TIMP-1 (B) or
TIMP-2 (C) were grown on transwells as described in the methods and then stained with
antibodies directed against E-cadherin. The number of branches in 10 kidneys in each group
was counted and expressed as the average +/− the standard deviation (D). * denotes a
significant decrease in branch number in kidneys grown in the presence of TIMP-2 relative
to control (p<0.05). (E-F) An example of gelatin zymography performed on total kidney
tissue lysates from 1 week-old MT1-MMP null and wild type mice show equal amounts of
activated MMP-2 and MMP-9. The average and standard deviation of the O.D. of
zymography performed on 5 mice in each group is demonstrated. No statistical differences
were found between the two groups (F).
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Figure 3. MT1-MMP is required for UB cells to proliferate and undergo tubulogenesis in vitro
(A-C) (A) UB cells were transfected with either an empty vector (control) or double-strand
small interfering (si) RNA oligonucleotides against GAPDH, a scrambled peptide or MT1-
MMP. Western blot analysis was performed 72 hours later utilizing primary antibodies
against MT1-MMP, GAPDH or focal adhesion kinase (FAK) which was used as a loading
control. A representative of four separate experiments is shown. (B-C) UB cells either
treated with siRNA directed against MT1-MMP or a scrambled siRNA were placed in 3D-
collagen I/matrigel gels and allowed to undergo branching morphogenesis as described in
the methods. The number of branches in the different UB cell populations was counted in at
least 3 wells in 5 different experiments and expressed as the average number of branches/
tubular structure +/ the standard deviation (D). * denotes that significantly fewer branches
were observed in the UB cells treated with siRNA directed against MT1-MMP (p<0.01). (E)
UB cells treated with siRNA directed against MT1-MMP and scrambled siRNA were placed
in 3D-collagen I/matrigel gels and proliferation was determined utilizing 3H thymidine as
described in the methods. The average and standard deviation of 3 wells in 4 experiments is
shown. * denotes a significant decrease in proliferation in UB cells treated with siRNA
(p<0.05) (F). When control UB cells and UB cells treated with siRNA directed against
MT1-MMP or scrambled siRNA were placed in onto laminin-111, laminin-332,
laminin-511, trypsin digested collagen IV (α1α1α2) and undigested collagen IV (α1α1α2)
shown 3D-collagen I/matrigel gels no differences in proliferation was seen as determined by
tritiated thymidine.
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Figure 4. MT1-MMP proteolytic activity is required for IMCD cells to proliferate in 3-
dimensional collagen I/matrigel gels
(A) MT1-MMP-null inner medullary collecting duct cells were transfected with wild type or
an E240/A mutant of MT1-MMP after which they were flow sorted for equal expression.
(B) MT1-MMP-null, MT1-MMP-null reconstituted with MT1-MMP (MT1-MMP) or an
E240/A mutant (MT1-MMP E240/A) inner medullary collecting duct cells were placed in
3D-collagen I/matrigel gels and proliferation was determined utilizing 3H-thymidine as
described in the methods. The average and standard deviation of 3 wells in 4 experiments is
shown. * denotes a significant increase in proliferation in IMCD cells expressing MT1-
MMP (p<0.05).
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Figure 5. Kidney BMs of MT1-MMP null mice have excessive amounts of ECM components
(A) Kidney sections from newborn MT1-MMP and wild type mice stained with specific
antibodies to collagen IV (α1α1α2), laminin-111, laminin-α3, laminin-α5, nidogen, and
perlecan. (B) Total kidney lysates (30 μg) of newborn mice were immunoblotted with
antibodies directed against the proteins described above. Immunoblotting with an antibody
against FAK was performed as a loading control. (C) Immunoblots of the BM proteins and
FAK from newborn MT1-MMP and wild type mice were scanned, normalized and
expressed as the relative intensity of MT1-MMP mice compared to wild type mice. The
averages and standard deviations of 4 different mice are shown. * denotes a significant
increase in the amount of basement membrane proteins in the MT1-MMP-null mice.
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Figure 6. MT1-MMP proteolytic activity stimulates renal cell migration
(A) UB cells were subjected to either a scrambled siRNA or siRNA directed at MT1-MMP
silencing and allowed to migrate on digested and undigested collagen IV (α1α1α2),
laminin-111, laminin-332 or laminin 521 (all at 10 μg/ml) for 4 hours. The cells were
counted at the end of this time and the number is expressed as cells/high power field. Values
are the mean and standard deviation of three experiments performed in triplicate. * denotes
statistically significant differences (P<0.05) between the two cell populations. (B) IMCD
cells that were either null for MT1-MMP or were reconstituted with MT1-MMPor MT1-
MMP E240/A were allowed to migrate on digested and undigested collagen IV (α1α1α2),
laminin-111, laminin-332 or laminin 511 (all at 10 μg/ml) for 4 hours. The cells were
counted at the end of this time and the number is expressed as cells/high power field. Values
are the mean and standard deviation of three experiments performed in triplicate. * denotes
statistically significant differences (P<0.05) between MT1-MMP null IMCD cells
reconstituted with human MT1-MMP or MT1-MMP E240A.
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