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ABSTRACT

A variety of chronic kidney diseases exhibit reactivation of Wnt/B-catenin signaling. In some tissues,
B-catenin transcriptionally regulates matrix metalloproteinase-7 (MMP-7), but the association between
MMP-7 and Wnt/B-catenin signaling in chronic kidney disease is unknown. Here, in mouse models of both
obstructive nephropathy and focal segmental glomerulosclerosis (adriamycin nephropathy), we observed
upregulation of MMP-7 mRNA and protein in atime-dependent manner. The pattern and extent of MMP-7
induction were positively associated with Wnt/B-catenin signaling in these models. Activation of B-catenin
through ectopic expression of Wnt1 promoted MMP-7 expression in vivo, whereas delivery of the gene
encoding the endogenous Wnt antagonist Dickkopf-1 abolished its induction. Levels of MMP-7 protein
detected in the urine correlated with renal Wnt/B-catenin activity. Pharmacologic blockade of Wnt/
B-catenin signaling by paricalcitol inhibited MMP-7 expression in diseased kidneys and reduced the levels
detected in the urine. In vitro, B-catenin activation induced the expression and secretion of MMP-7 and
promoted the binding of T cell factor to the MMP-7 promoter in kidney epithelial cells. We also observed
higher levels of MMP-7 expression, which correlated with B-catenin, in kidney tissue from patients with
various nephropathies. In summary, levels of renal MMP-7 correlate with Wnt/B-catenin activity, and

urinary MMP-7 may be a noninvasive biomarker of this profibrotic signaling in the kidney.
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Matrix metalloproteinase-7 (MMP-7), also known
as matrilysin, is a secreted, zinc- and calcium-
dependent endopeptidase that degrades a broad
range of extracellular matrix substrates, such as type
IV collagen, laminin, gelatin, fibronectin, and en-
tactin.! It also cleaves additional substrates, such as
osteopontin and cell-associated Fas ligand; pro-
motes the release of TNF-a; mediates E-cadherin
ectodomain shedding; and activates other protein-
ases, such as urokinase plasminogen activator
and pro—-MMP-1, -2 and -9.2-5 Not surprisingly,
the ability to act on such a broad spectrum of the
substrates makes MMP-7 a critical player in
regulating a diverse array of cellular processes, in-
cluding extracellular matrix turnover and remod-
eling, cell proliferation and apoptosis, inflammation,
and epithelial-mesenchymal transition.

MMP-7 is synthesized as an inactive enzymogen
consisting of two structural domains: a pro-domain
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and a catalytic domain. Activation of the pro-
enzyme involves the proteolytic removal of a 9-kD
N-terminal pro-region. This results in the final
19-kD active enzyme, consisting of a catalytic
domain with a zinc-binding motif. MMP-7 is pre-
ferentially expressed, at a low level, in the epithe-
lial cells of various normal tissues. Its expression
is upregulated in a variety of tumors, including gastric
and colorectal cancers and lung carcinoma.o-8
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Dysregulated expression of MMP-7 by malignant cells is
thought to contribute to their neoplastic phenotype and the
tissue degradation that accompanies tumor metastasis and in-
vasion.” MMP-7 expression is also induced and is clearly im-
plicated in regulating tissue remodeling in many organs, such
as liver, lung, and kidney, after chronic injury. In that regard,
MMP-7 has been identified as a major proteinase upregulated
in billary atresia—associated liver fibrosis, and its expression is
thought to best discriminate between cirrhosis and precirrhotic
stages.!®11 Induction of MMP-7 also occurs in human idio-
pathic pulmonary fibrosis, and it has been postulated as a po-
tential peripheral blood biomarker for disease progression.!?13
As for the kidney, an earlier study documented an increased
expression of MMP-7 in polycystic kidney disease, acute kidney
injury induced by folic acid, and obstructive nephropathy.'4
However, what regulates MMP-7 expression in diseased kidneys
in vivo remains enigmatic. Furthermore, little is known about
the relevance of MMP-7 regulation to the progression of renal
fibrotic lesions in CKDs.

MMP-7 is transcriptionally regulated by B-catenin, the
principal downstream mediator of the canonical Wnt signal-
ing, in various malignant tissues, including colorectal cancer,
intestinal adenoma, and ovarian endometrial carcinoma.®7-15
Wnt/B-catenin signaling, an evolutionarily conserved signal
cascade that plays an important role in regulating nephron
formation and kidney development,!© is reactivated in a
wide variety of CKDs, such as diabetic nephropathy, adriamycin
nephropathy, polycystic kidney disease, obstructive nephropathy,
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and chronic allograft nephropathy.!7-20 Activation of canonical
Whnt signaling leads to B-catenin stabilization and nuclear
translocation, wherein it binds to T cell factor (TCF)/lymphoid
enhancer-binding factor to stimulate the transcription of
Whnt target genes.?! We hypothesized that MMP-7 expression
in the diseased kidneys is controlled by the canonical Wnt/
B-catenin and that its expression level could serve as a sur-
rogate marker for predicting renal Wnt/B-catenin activity.

In this study, we investigated MMP-7 regulation in diseased
kidneys and delineated its relation to renal Wnt/B-catenin
signaling. Our results suggest that urinary MMP-7 level, as a
noninvasive surrogate biomarker, closely correlates with and
predicts the activity of the canonical Wnt/B-catenin signaling
in diseased kidneys.

RESULTS

MMP-7 Expression Is Induced in Obstructive
Nephropathy

We investigated the expression of MMP-7 in obstructive
nephropathy, a well characterized and widely used model of
renal interstitial fibrosis. As shown in Figure 1A, the steady-
state level of MMP-7 mRNA was markedly increased in the
obstructed kidneys in a time-dependent fashion. Quantitative
determination revealed a >120-fold induction of MMP-7
mRNA abundance in the obstructed kidneys 7 days after uni-
lateral ureter obstruction, compared with sham controls.
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Figure 1. MMP-7 expression is induced in a mouse model of obstructive nephropathy. (A and B) Representative RT-PCR results (A) and
graphic presentation (B) show MMP-7 mRNA expression in different groups of mice as indicated. Numbers (1, 2, and 3) in A denote each
individual animal in a given group. Data in B are presented as mean * SEM of five animals (n=5). *P<0.05 and **P<<0.01 versus sham
controls. (C) Western blot analyses show MMP-7 protein induction in the obstructed kidney at different time points after unilateral ureter
obstruction (UUO). Kidney lysates were immunoblotted with antibodies against MMP-7 and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), respectively. (D and E) Immunohistochemical staining shows the localization of MMP-7 protein in obstructive nephropathy.
Kidney sections from the sham (D) and unilateral ureter obstruction (E) groups 7 days after surgery were immunostained with antibody
against MMP-7. Scale bar, 50 um. (F) Enlarged image from the boxed area in E. Arrowheads indicate MMP-7—positive cells.
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Increased MMP-7 protein expression was also evident in the
obstructed kidney by Western blot analyses of whole kidney
lysates. Immunohistochemical staining illustrated that MMP-7
protein was primarily localized in the tubular epithelial cells,
as well as interstitial cells (Figure 1, D-F). Interestingly, in-
creased MMP-7 protein was preferentially distributed in the
apical region of renal tubular epithelium (Figure 1F, arrow-
heads), implying the possibility for its inclined secretion into
tubular lumens. Of note, the pattern and extent of this MMP-7
induction appear to be closely associated with the activation
of Wnt/B-catenin signaling in this model, as documented
elsewhere.20

MMP-7 Expression Is Correlated with Renal B-Catenin
Induction after Injury

To further study MMP-7 expression in other CKDs, we used
adriamycin nephropathy, a model of FSGS that is characterized
by initial podocyte injury and proteinuria and subsequent
interstitial inflammation and fibrosis.?>23 As shown in Figure 2A,
renal MMP-7 mRNA was markedly induced at 3 weeks after
adriamycin injection. At 5 weeks, when significant renal fi-
brotic lesions developed in this model,>* MMP-7 mRNA
level was increased by approximately 40-fold compared with
levels in the controls (Figure 2B). Western blot analyses also
showed a time-dependent induction of MMP-7 protein in the
kidneys after adriamycin injection. Of note, Wnt/B-catenin
signaling was dramatically activated in this model, as illus-
trated by an increased expression and accumulation of renal
B-catenin protein in a time-dependent manner (Figure 2,
D and E). Linear regression showed a close correlation between

renal MMP-7 mRNA levels and -catenin abundance (Fig-
ure 2F), suggesting that renal MMP-7 may be a transcrip-
tional target of the canonical Wnt/-catenin signaling in this
model.

Wnt/B-Catenin Signaling Promotes MMP-7 Expression
In Vivo

To establish a direct relationship between MMP-7 expression
and Wnt/B-catenin signaling in vivo, we sought to activate
canonical Wnt/B-catenin signaling by ectopic expression of
Wntl, the prototypic Wnt that transmits its signal via the
canonical pathway, through a hydrodynamics-based gene
delivery strategy.2>-27 As shown in Figure 3A, a single intra-
venous injection of Wntl expression vector (pHA-Wntl) in-
duced significant Wntl mRNA expression in the kidneys.
Quantitative analyses revealed a >15-fold induction of renal
Wntl mRNA 24 hours after plasmid injection (15.6*2.4 in
the pHA-Wntl group versus 1.0+0.15 in the pcDNA3 group;
P<0.01; n=3). As reported elsewhere,?” ectopic expression of
Wntl in the obstructed kidney significantly induced 3-catenin
expression at 7 days after unilateral ureter obstruction. Immu-
nohistochemical staining revealed that increased B-catenin
was primarily localized in the cytoplasm and nuclei of renal
tubular epithelia (Figure 3B, arrows), indicating an activation
of this signaling protein. Interestingly, activation of Wnt/S-
catenin signaling via ectopic expression of Wnt1 resulted in in-
creased MMP-7 mRNA expression in the obstructed kidney
(Figure 3, C and D). Similarly, MMP-7 protein was also induced
in the obstructed kidneys after ectopic expression of Wntl, as
shown by Western blot analyses (Figure 3E).
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Figure 2. MMP-7 expression is closely correlated with renal B-catenin induction in a mouse model of adriamycin (ADR) nephropathy. (A)
Representative RT-PCR results demonstrate a time-dependent induction of MMP-7 mRNA in a mouse model of adriamycin nephropathy.
Numbers (1, 2, and 3) denote each individual animal in a given group. (B) Quantitative data on renal MMP-7 mRNA abundance at different
time points after adriamycin injection. **P<0.01 versus controls (CTL) (n=5). (C) Representative Western blot analyses show MMP-7
protein induction in the kidneys at different time points after adriamycin injection. (D and E) Representative Western blot analyses (D) and
quantitative data (E) show the induction of renal B-catenin protein at different time points after adriamycin injection. Numbers (1, 2, and 3)
in D denote each individual animal in a given group. *P<0.05 and **P<0.01 versus sham controls (n=>5). (F) Linear regression shows a close
correlation between renal MMP-7 mRNA levels and B-catenin abundance (arbitrary units). The correlation coefficient (R?) is shown.
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Figure 3. Canonical Wnt/B-catenin signaling promotes MMP-7 expression in vivo. (A) Ectopic expression of Wnt1 in the kidney. Mice were
injected intravenously with Wnt1 expression vector (opHA-Wnt1) or empty vector (ocDNA3) as indicated. Renal expression of Wnt1 mRNA
was assessed by RT-PCR. Numbers (1, 2, and 3) denote each individual animal in a given group. (B) Ectopic expression of Wnt1 in vivo
induces renal B-catenin accumulation in obstructive nephropathy. Representative micrographs demonstrate renal B-catenin expression
and localization in the sham group (left), group with unilateral ureter obstruction (UUO) injected with pcDNA3 (center), and group with
unilateral ureter obstruction injected with pHA-Wnt1 plasmid (right). Bar = 50 um. (C and D) Representative RT-PCR results (C) and
quantitative determination (D) show renal MMP-7 mRNA expression in different groups as indicated. Numbers (1, 2, and 3) in C denote
each individual animal in a given group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Data in D are presented as mean = SEM of
five animals (n=5). **P<0.01 versus sham controls; TTP<0.01 versus pcDNA3. (E) Western blot analyses show renal MMP-7 protein
abundance in the obstructed kidney in different groups as indicated.

Inhibition of Wnt/B-Catenin Signaling Represses
MMP-7 Expression In Vivo

We next investigated the role of Wnt/B-catenin signaling in
regulating MMP-7 expression in vivo by blocking Wnt signal-
ing. To this end, the Dickkopf-1 (DKKI) gene, a natural,
secreted Wnt antagonist that specifically blocks the canonical
Wnt/B-catenin signaling by disrupting the engagement of
Wnhts to their LDL-related protein-5/6 co-receptors,?82° was
administrated to mice by the hydrodynamics-based gene
delivery approach. As reported elsewhere,?0 delivery of the
DKKI gene resulted in substantial elevation of the circulating
DKKI1 protein levels, as well as kidney expression of transgene.
We found that blockade of Wnt/B-catenin signaling by the
DKKI1 gene substantially inhibited MMP-7 expression in the
obstructed kidneys 7 days after unilateral ureter obstruction.
As shown in Figure 4, A and B, renal MMP-7 mRNA was sup-
pressed by more than 65% in the obstructed kidney after ec-
topic expression of exogenous DKKI1. Accordingly, renal
MMP-7 protein expression was also suppressed by DKK1I in
the obstructed kidneys after injury (Figure 4C).

Urinary MMP-7 Correlates with Its Renal Expression
and Wnt/B-Catenin Activity

Because MMP-7 is a secreted protein, we next tested the
hypothesis that MMP-7 might be detectable in urine and that
the urinary MMP-7 level could reflect its renal expression in
CKDs. To this end, we examined urinary MMP-7 using a

J Am Soc Nephrol 23: 294-304, 2012

specific ELISA in a mouse model of adriamycin nephropathy.
As shown in Figure 5A, a substantial increase in urinary
MMP-7 was detected 5 weeks after adriamycin injection com-
pared with that in the controls. Paricalcitol, a synthetic
vitamin D analogue, was recently shown to block Wnt/S-
catenin signaling in this model in vivo.2* We consistently
found that paricalcitol also significantly reduced urinary
MMP-7 excretion (Figure 5A). To investigate whether urinary
MMP-7 levels reflect renal expression of MMP-7, we further
examined MMP-7 expression in the diseased kidneys after
adriamycin injection. As shown in Figure 5B, renal expression
of MMP-7 protein as detected by Western blot analyses was
closely correlated with its urinary levels. Similar results were
obtained when MMP-7 mRNA expression was examined in
the kidneys 5 weeks after adriamycin injection (Figure 5,
C and D). Therefore, it appears that urinary MMP-7 levels
faithfully reflect renal expression of MMP-7, thereby predict-
ing renal Wnt/B-catenin activity.

Activation of B-Catenin Induces MMP-7 Expression

In Vitro

To further confirm a direct role of B-catenin activation in
mediating MMP-7 expression, we investigated MMP-7 gene
regulation in cultured kidney tubular epithelial (HKC-8) cells.
To this end, HKC-8 cells were transfected with N-terminally
truncated, stabilized B-catenin expression vector (pDel-B-
cat), as reported elsewhere.3% As shown in Figure 6A, ectopic

MMP-7 Predicts Wnt/B-Catenin 297
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Figure 4. Inhibition of Wnt/B-catenin signaling by its antago-
nist represses MMP-7 expression in obstructive nephropathy. (A)
Representative RT-PCR results demonstrate that ectopic expres-
sion of DKK1 gene inhibited MMP-7 mRNA expression in the ob-
structed kidney after unilateral ureter obstruction (UUO). Numbers
(1, 2, and 3) denote each individual animal in a given group.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (B) Quan-
titative data of renal MMP-7 mRNA abundance in different groups
as indicated. *P<0.05 and **P<0.01 versus sham controls and
TP<0.05 versus pcDNA3 (n=4-5). (C) Representative Western blot
analyses show MMP-7 protein expression in the obstructed kid-
neys in different groups as indicated.

expression of the constitutively active -catenin in HKC-8
cells significantly induced MMP-7 mRNA expression, suggest-
ing that B-catenin activation is sufficient for inducing MMP-7
expression. However, incubation of the cells with ICG-001, a
small-molecule inhibitor that disrupts B-catenin—mediated
gene transcription,3%-3! was able to completely block MMP-7
mRNA induction (Figure 6, A and B). Similarly, MMP-7 protein
expression in HKC-8 cells was also controlled by -catenin, as
shown by Western blot analyses (Figure 6C). Of note, human
MMP-7 protein in cultured tubular epithelial cells in vitro dis-
played two predominant bands corresponding to pro-MMP-7
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(28 kD) and active MMP-7 (19 kD), respectively. It appeared
that the majority of MMP-7 in HKC-8 cells was the active form
(Figure 6C). Notably, MMP-7 protein produced by HKC-8 cells
was readily secreted into the extracellular space; it was detect-
able in the supernatants of cell cultures by a specific ELISA. As
shown in Figure 6D, ectopic expression of B-catenin increased
MMP-7 secretion by HKC-8 cells, whereas ICG-001 completely
abolished the elevation of MMP-7 level in the supernatant.
Of note, ICG-001 displayed the tendency to suppress MMP-7
secretion without overexpression of constitutively active
B-catenin, suggesting a role for 8-catenin signaling in medi-
ating MMP-7 secretion in the basal conditions as well.

Activation of B-Catenin Promotes TCF Binding to
MMP-7 Promoter

To gain molecular insights into how 3-catenin regulates MMP-7
expression, we investigated the interaction between TCF and
MMP-7 gene promoter in the kidney cells using an in situ
chromatin immunoprecipitation (ChIP) assay. Bioinformatics
analysis revealed that human MMP-7 gene promoter contained
two putative TCF-binding elements (TBEs) (Figure 7A), a prox-
imal TBEI and a distal TBE2, that could mediate the transcrip-
tional regulation of MMP-7 by 3-catenin. As shown in Figure 7,
B and C, ectopic expression of the N-terminally truncated, sta-
bilized B-catenin in HKC-8 cells clearly promoted TCF binding
to the proximal TBE1 in the MMP-7 promoter. In addition, TCF
binding to distal TBE2 appeared to increase after 3-catenin ex-
pression in HKC-8 cells as well (Figure 7B), although it did not
reach statistical significance (Figure 7C). These results suggest
that B-catenin activation can facilitate TCF binding to the prox-
imal TBE1 and, to less extent, the distal TBE2 in tubular epithe-
lial cellls, leading to MMP-7 gene trans-activation.

MMP-7 Mediates E-Cadherin Degradation

To explore the potential implication of MMP-7 in the path-
ogenesis of renal fibrosis, we examined its effect on E-cadherin
in tubular epithelial cells because previous studies have in-
dicated that MMP-7 mediates E-cadherin ectodomain shed-
ding.? To this end, HKC-8 cell lysates were immunoprecipitated
with anti-E-cadherin antibody, and the resultant immuno-
complexes were incubated with recombinant MMP-7 in vitro.
As shown in Figure 8, MMP-7 clearly induced E-cadherin deg-
radation in a time- and dose-dependent manner. Furthermore,
this MMP-7—mediated E-cadherin degradation was prevented
by MMP inhibitor II (data not shown). Therefore, it is conceiv-
able that MMP-7 can induce proteolytic degradation of E-cad-
herin and thereby impair the structural integrity of renal tubular
epithelia.?

Increased MMP-7 Expression in Human Diseased
Kidneys

To establish the relevance of MMP-7 regulation to the path-
ogenesis and progression of human CKDs, we investigated its
expression in kidney biopsy specimens from patients with
various CKDs. As shown in Figure 9A, MMP-7 was expressed
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Figure 5. Urinary MMP-7 correlates with its renal expression in adriamycin (ADR) ne-
phropathy. (A) Urinary MMP-7 levels in mice. Mouse urinary MMP-7 protein was quan-
titatively determined by a specific ELISA and expressed as ng/mg creatinine. *P<<0.05
versus sham controls and $P<0.05 versus vehicle (n=5). CTL, controls. (B) Representative
Western blot analyses show renal MMP-7 protein expression in different groups as in-
dicated. Numbers (1, 2, and 3) denote each individual animal in a given group. GAPDH,
glyceraldehyde 3-phosphate dehydrogenase. (C) Representative RT-PCR results show
renal MMP-7 mRNA expression 5 weeks after adriamycin injection. Numbers (1, 2, and 3)
denote each individual animal in a given group. (D) Quantitative data on renal MMP-7
mRNA abundance in different groups as indicated. *P<<0.05 and **P<<0.01 versus sham

controls and $P<0.05 versus vehicle (n=5).

at extremely low levels in three specimens from normal hu-
man kidneys, if it was expressed at all. However, MMP-7 pro-
tein was readily detectable in all six biopsy specimens from
patients with CKD, according to immunohistochemical stain-
ing (albeit with varying staining intensity). Figure 9A shows
the representative micrographs of MMP-7 staining in the kid-
ney sections from patients with diabetic nephropathy, FSGS,
and IgA nephropathy (IgAN). MMP-7 protein was predomi-
nantly localized in renal tubular epithelia in the diseased kid-
neys (Figure 9A, arrows). Occasionally, fluids in the lumens of
renal tubules also stained positively for MMP-7, suggesting
its secretion by tubular cells. Besides tubular cells, some in-
terstitial fibroblast-like cells with spindle shape, glomerular
podocytes, and infiltrated inflammatory cells were apparently
positive for MMP-7 staining as well (Figure 9A, arrowheads).
Immunohistochemical staining for 8-catenin in these human
kidney specimens produced similar results (Figure 9B). Thus,
MMP-7 expression is also closely correlated with renal canon-
ical Wnt/B-catenin signaling in humans.

DISCUSSION

Using animal models, cultured kidney cells, and human biopsy
specimens, we have carried out a comprehensive investigation
on the expression and regulation of MMP-7 in normal and
diseased kidneys. Our results indicate that MMP-7 is markedly

J Am Soc Nephrol 23: 294-304, 2012
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diseases. The induction of MMP-7 is tem-
porally and spatially correlated with the
activation of Wnt/B-catenin signaling, a
developmental signal pathway that is reac-
tivated in the pathogenesis of chronic renal
fibrosis. Furthermore, MMP-7 expression
in diseased kidneys is dictated by the manip-
ulations of the canonical Wnt/-catenin sig-
naling through ectopic expression of Wntl
or its antagonist DKKI genes. These find-
ings provide significant insights into under-
standing the regulation of MMP-7 and its
underlying mechanism in diseased kidneys,
and further raise the possibility that MMP-7
level could predict the activity of renal
Wnt/B-catenin signaling, thereby forecast-
ing the progression of renal fibrotic lesions.

In normal kidneys, MMP-7 is expressed
at extremely low basal levels, if at all. Using
different approaches, including reverse
transcriptase (RT)-PCR, Western blot,
and immunostaining, no or little MMP-7
was detected in normal kidneys in mice and
humans, suggesting that it is dispensable in
the maintenance of kidney structure and
function in normal physiologic conditions.
This finding is in line with earlier observations that mice with
genetic ablation of MMP-7 are normal in size and do not
display any gross physical or behavior abnormalities.?> How-
ever, both MMP-7 mRNA and protein are dramatically in-
duced in the injured kidneys in response to diverse types of
insults. The magnitude of MMP-7 induction over the controls
is remarkable in mouse model of obstructive nephropathy
(Figure 1). In fact, among many MMPs examined in this
model (data not shown), MMP-7 is the most upregulated me-
talloproteinase, suggesting a predominant response of this
enzyme in the kidneys to injury. It should be noted that sig-
nificant MMP-7 induction in adriamycin nephropathy occurs
only 3 weeks after adriamycin injection, despite early protein-
uria and podocyte damage observed at 7 days in this model.?434
These results suggest that MMP-7 induction is temporally as-
sociated with the onset of tubulointerstitial fibrotic lesions, but
not glomerular lesions, in diseased kidney. Consistent with this
notion, increased MMP-7 was primarily localized in renal tu-
bular epithelia in kidney biopsy specimens from patients with
various kidney disorders (Figure 9). Of interest, MMP-7 in-
duction occurs in a broad spectrum of CKDs, such as obstruc-
tive nephropathy, adriamycin nephropathy (and human
FSGS), diabetic nephropathy, and IgA nephropathy. This find-
ing suggests that regardless of the initial causes, MMP-7 induc-
tion could represent a general and converging response of the
kidneys to various toxic, metabolic, immune, and hemody-
namic insults.

Paricalcitol
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Figure 6. Active B-catenin directly induces MMP-7 expression in kidney tubular epi-
thelial cells in vitro. (A) Representative RT-PCR results show that ectopic expression of
constitutively active B-catenin induced MMP-7 expression. Human kidney proximal
tubular epithelial (HKC-8) cells were transiently transfected with N-terminally truncated,
stabilized B-catenin expression vector (pDel-B-cat) or empty vector (pcDNA3), followed
by incubation without or with small-molecule inhibitor ICG-001 (10 uM) for 24 hours,
respectively. (B) Quantitative data on MMP-7 mRNA abundance in HKC-8 cells after
various treatments as indicated. **P<0.01 versus sham controls and $8P<0.01 versus
pDel-B-cat alone (n=3). (C) Western blot analyses show MMP-7 expression in HKC-8
cells after various treatments as indicated. Both pro-MMP-7 (28 kD) and active MMP-7
(19 kD) are indicated. GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (D) MMP-
7 secretion detected by a specific ELISA. The supernatants of HKC-8 cells after various
treatments as indicated were collected and assayed for MMP-7 protein abundance by

At this stage, however, the exact role of
MMP-7 induction in renal fibrogenesis re-
mains to be determined. We have shown
herein that MMP-7 induces proteolytic
degradation of E-cadherin (Figure 8), an
epithelial cell adhesion receptor that is
essential for the maintenance of tubular
epithelial integrity. This is in line with
previous reports that MMP-7 mediates
the ectodomain shedding of E-cadherin
in injured lung epithelium.?3¢ Of note,
proteolytic shedding of E-cadherin also

ELISA. **P<0.01 versus sham controls and $3P<0.01 versus pDel-B-cat alone (n=3).

One of the interesting findings in this study is that MMP-7
expression in the diseased kidneys is primarily controlled by
canonical Wnt/B-catenin signaling. This conclusion is sub-
stantiated by several lines of evidence. First, MMP-7 expres-
sion in animal models of kidney disease and in human kidney
biopsy specimens is closely correlated with B-catenin, the
principal transcriptional regulator downstream of Wnt signal-
ing. Second, activation of endogenous (B-catenin by ectopic
expression of the Wnt1 gene in vivo promotes MMP-7 expres-
sion in the obstructed kidney. Conversely, delivery of the
Wnt natural antagonist DKK1 gene inhibits renal MMP-7 in-
duction in vive. In addition, pharmacologic blockade of
Wnt/B-catenin signaling by the vitamin D analogue pari-
calcitol also represses renal MMP-7 expression in adriamycin
nephropathy, although we cannot exclude the possibility that
paricalcitol may regulate MMP-7 by other mechanisms as
well. Third, B-catenin is sufficient to induce MMP-7 expres-
sion in proximal tubular epithelial cells in vitro, and it facil-
itates TCF binding to its cognate TBE in the MMP-7 gene
promoter region. These results are also compatible with earlier
reports on the importance of Wnt/B-catenin in controlling
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causes (-catenin nuclear translocation
and Slug induction,3” which further in-
duces MMP-7 expression and represses
E-cadherin transcription in tubular epithelial cells. Because
destruction of E-cadherin is the initial step during the entire
course of epithelial-mesenchymal transition,® such a MMP-7—
mediated E-cadherin ectodomain shedding undoubtedly con-
tributes to the tubular epithelial injury and promotes
epithelial-mesenchymal transition in diseased kidneys. Fur-
thermore, because MMP-7 degrades collagen IV and laminin,
the major components of tubular basement membrane, it is
conceivable that increased MMP-7 would aggravate TBM
damage, which facilitates tubular epithelial-mesenchymal
transition in the fibrotic kidneys.3° In addition, MMP-7 stim-
ulates the activation of pro-MMP-2 and -9, which promote
renal fibrotic lesions.4%-41 MMP-7 also promotes the release of
TNF-a,> thereby deteriorating renal inflammation and lead-
ing to fibrotic demolition. Therefore, it is conceivable that
MMP-7 may promote renal fibrosis by a multitude of mecha-
nisms.

By illustrating a close correlation between renal MMP-7
level and B-catenin, our study further raises the possibility that
this protein could serve as a surrogate biomarker for predict-
ing the activity of the canonical Wnt/B-catenin signaling in
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Figure 7. Active B-catenin promotes T cell factor (TCF) binding to the TCF-binding
elements (TBE) in the MMP-7 promoter. (A) Partial sequence of human MMP-7 gene
promoter region. Bold letters indicate the proximal TBE1 and distal TBE2. P1 and P2
indicate the primer pair encompassing the proximal TBE1, and P3 and P4 are the primer
pair for the distal TBE2. (B and C) Chromatin immunoprecipitation (ChlIP) assay revealed
that ectopic expression of constitutively active, stabilized B-catenin promoted TCF
binding to the proximal TBE1 and, to a lesser extent, to distal TBE2 in human kidney
proximal tubular epithelial cells. Representative ChIP assay (B) and quantitative ChIP
data (C) are presented. ¥P<0.05 versus pcDNA3 (n=3).
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with renal cell carcinomas.!3-43 Whether
plasma MMP-7 level is also elevated in
the fibrotic kidney diseases remains to be
determined. Clearly, more clinical studies
and validations in large cohorts are needed
in this area.

CONCISE METHODS

Animal Model
Male CD-1 and BALB/c mice weighing about

20-23 g were obtained from Harlan Sprague—
Dawley (Indianapolis, IN). All animal studies
were performed by use of the procedures ap-
proved by the Institutional Animal Care and
Use Committee at the University of Pittsburgh,
Pittsburgh, PA. Unilateral ureter obstruction
was performed in CD-1 mice using an estab-
lished protocol, as described elsewhere.**
Sham-operated mice were used as normal con-
trols. Mice were killed at 3, 7, and 14 days after
unilateral ureter obstruction. For delivery of the
Wntl or DKK1 gene, naked Wntl expression
plasmid (pHA-Wntl; Upstate Biotechnology)
or DKKI expression plasmid (pFlag-DKKI;

provided by Dr. Xi He, Harvard Medical School, Boston, MA) was
injected intravenously at 1 mg/kg body wt 1 day before (day —1)
unilateral ureter obstruction by use of a hydrodynamics-based
in vivo gene transfer approach, as described elsewhere.?>2¢ For empty

vector controls, pcDNA3 plasmid was injected into the mice that

50 — == e - - 0C 50 - "= @D " e - 1gG

1.0 0.62 0.31 1.0 0.550.580.32

Figure 8. Recombinant MMP-7 degrades E-cadherin in vitro. analyses.

Human kidney proximal tubular epithelial cell lysates were im-
munoprecipitated with anti-E-cadherin antibody, followed by in-
cubating with recombinant MMP-7 (50 nM) for various periods
of time (A) or different concentrations of MMP-7 for 3 hours (B).
E-cadherin protein abundance after MMP-7 incubation was as-
sessed by Western blot and was normalized with the input protein
(IgG heavy chain). The relative levels of E-cadherin after MMP-7
treatment were quantitated and are presented in the bottom of
pictures.

diseased kidneys. The very nature of this enzyme as a secreted
protein that is readily detectable in urine makes it particularly
attractive for developing it as a noninvasive biomarker for
monitoring renal Wnt/B-catenin, a critical fibrogenic signal-
ing implicated in renal fibrosis. In that regard, a recent study
using a urinary peptidomics approach has identified MMP-7
as one of the biomarkers for acute rejection in renal trans-
plantation.*? Similarly, plasma MMP-7 is proposed as a po-
tential biomarker in human idiopathic pulmonary fibrosis
and as a metastatic marker and survival predictor in patients

J Am Soc Nephrol 23: 294-304, 2012

had undergone unilateral ureter obstruction, in an identical man-
ner. Groups of mice (n=4-5) were killed at 7 days after unilateral
ureter obstruction, and the kidney tissues were removed for various

BALB/c mice were used for establishing adriamycin nephropathy,
as described elsewhere.>* Briefly, adriamycin (doxorubicin hydro-
chloride; Sigma, St. Louis, MO) was administrated by a single intra-
venous injection at 10 mg/kg body wt. Paricalcitol (provided by
Abbott Laboratories, Abbott Park, IL) was given by daily subcutane-
ous injection at 50 ng/kg body wt, starting at 1 day before adriamycin
was administrated. Five weeks after adriamycin injection, urine was
collected and all mice (n=5 per group) were sacrificed. Kidney tissues
were collected for various analyses.

Cell Culture and DNA Transfection
HKC-8 cells were cultured in DMEM-Ham F12 medium supple-

mented with 5% calf serum, as described elsewhere.#* HKC-8 cells
were transiently transfected with Flag-tagged N-terminally trun-
cated, stabilized B-catenin expression vector (pDel-B-cat) or empty
vector pcDNA3 using the Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA), as described elsewhere.!7 After transfection, cells were
treated with the small-molecule B-catenin-signaling inhibitor
ICG-001 (10 uM) for 24 hours. ICG-001 compound was described
elsewhere.?”-31 Cells were then collected for various analyses.
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A MMP-7
Normal DN

B p-catenin
Normal
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Figure 9. MMP-7 expression is increased in human kidney biopsy specimens from patients with various CKDs. (A) Representative im-
munohistochemical staining shows an increased expression of MMP-7 protein in varioushuman CKDs. Normal, nontumorkidney tissue from
the patients who had renal cell carcinoma was used for normal controls. DN, diabetic nephropathy; IgAN, IgA nephropathy. Arrows indicate
the predominant tubular localization of MMP-7. Arrowheads denote increased MMP-7 expression in other cell types, including interstitial
cells, glomerular podocytes, and infiltrated inflammatory cells. (B) Representative immunohistochemical staining shows increased
B-catenin expression in various human CKDs. Kidney tissues from normal controls and from patients with diabetic nephropathy, FSGS, or

IgAN, respectively, were immunostained with antibody against B-catenin.

RT-PCR and Real-Time RT-PCR

Total RNA was extracted from kidney tissues or cultured cells using
TRIzol RNA isolation system (Invitrogen). The first strand of cDNA was
synthesized using 2 ug of RNA in 20 ul of reaction buffer by RT using
AMV-RT (Promega, Madison, WI) and random primers at 42°C for 30
min. PCR was carried out using a standard PCR kit and a 1-ul aliquot of
cDNA, HotStarTaq polymerase (Qiagen Inc., Valencia, CA), with specific
primer pairs. Quantitative, real-time RT-PCR was also performed on
an ABI PRISM 7000 Sequence Detection System (Applied Biosystems,
Foster City, CA), as described elsewhere.?* The PCR reaction mixture
in a 25-ul volume contained 12.5 ul 2X SYBR Green PCR Master Mix
(Applied Biosystems), 5 ul diluted RT product (1:10), and 0.5 M sense
and antisense primer sets. The sequences of the primer pair for Wntl
were described elsewhere.?’ The sequences of other primer pairs are
given in Supplementary Table 1. PCR reaction was run using standard
conditions. The mRNA levels of various genes were calculated after
normalizing with glyceraldehyde 3-phosphate dehydrogenase or B-actin.

Western Blot Analysis
Western blot analysis for specific protein expression was performed

essentially according to an established procedure.?” The primary
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antibodies used were as follows: anti-MMP-7 (#11603; GeneTex, Ir-
vine, CA); anti—f3-catenin (#610154; BD Transduction Laboratories,
San Jose, CA); anti-Flag (clone M2; #F3165; Sigma); and anti—glyc-
eraldehyde 3-phosphate dehydrogenase (#4300; Ambion, Austin,
TX). For human cell lysates, anti-MMP-7 antibody obtained from
Abcam (ab5706; Cambridge, MA) was used.

Immunohistochemical Staining
Human kidney specimens were obtained from diagnostic renal bi-

opsies performed at the University of Pittsburgh Medical Center.
Nontumor kidney tissue from the patients who had renal cell car-
cinoma and underwent nephrectomy was used for normal controls.
All studies involving human tissues were approved by the Institutional
Review Board at the University of Pittsburgh. Paraffin-embedded
mouse kidney sections (3- to 4-um thickness) were prepared by a
routine procedure. Immunohistochemical staining of kidney sections
for MMP-7 and B-catenin was performed using the Vector M.O.M.
immunodetection kit, according to the protocol specified by the man-
ufacturer (Vector Laboratories, Burlingame, CA). The following pri-
mary antibodies were used: anti-MMP-7 (Genetex) and anti—3-catenin
(ab15180; Abcam). As a negative control, the primary antibody was
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replaced with nonimmune IgG, and no staining occurred. Stained sec-
tions were viewed with a Nikon Eclipse E600 microscope equipped
with a digital camera (Melville, NY).

MMP-7 Secretion Assay by ELISA

Human MMP-7 secretion was quantitatively assessed by measuring
total MMP-7 protein in the supernatant of cultured HKC-8 cells using
an ELISA kit (Quantikine Human MMP-7 Immunoassay; R&D Sys-
tems, Minneapolis, MN). This assay uses the quantitative sandwich
enzyme immunoassay technique. Briefly, the supernatants of HKC-8
cells after various treatments as well as standard MMP-7 were added
onto a microplate precoated with monoclonal anti-MMP-7 antibody
and incubated for 2 hours. After extensive washing, an enzyme-
linked polyclonal anti-MMP-7 antibody was added to the wells and
incubated for additional 2 hours. After substrate solution was added
and color-developed, optical density was measured at 450 nm using a
microplate reader. For determining urinary MMP-7 levels, a specific
ELISA kit for mouse MMP-7 was used, and the assay was carried out
according to the protocol specified by the manufacturer (Mouse
MMP-7 ELISA kit; Wuhan EIAab Science Co., Wuhan, China).

ChIP Assay

A ChIP assay was performed to analyze in vivo interactions of TCF and
putative TBE in human MMP-7 promoter. This assay was carried out
essentially according to the protocols specified by the manufacturer
(Upstate Biotechnology).?” Briefly, after various treatments as indi-
cated, HKC-8 cells were cross-linked with 1% formaldehyde and then
resuspended in SDS lysis buffer containing protease inhibitors. The
chromatin solution was sonicated, and the supernatant was diluted
10-fold. An aliquot of total diluted lysate was used for total genomic
DNA as input DNA control. The anti-TCF-1 antibody (clone 7H13;
#05-510; Upstate) was added and incubated at 4°C overnight, fol-
lowed by incubation with protein A-agarose for 1 hour. The precip-
itates were washed and chromatin complexes were eluted. After
reversal of the cross-linking at 65°C for 4 hours, the DNA was puri-
fied, and ChIP samples were used as a template for PCR. Primer sets
P1/P2 and P3/P4 encompass different regions of the MMP-7 pro-
moter containing proximal and distal putative TBE, respectively. The
sequences of primers used for ChIP assay are given in Figure 7A. PCR
samples were analyzed by electrophoresis on a 2.0% agarose gel.

Assessment of E-Cadherin Degradation by MMP-7

For enriching E-cadherin protein, HKC-8 cell lysates were immuno-
precipitated with anti—E-cadherin antibody (#610182; BD Transduc-
tion, San Jose, CA) according to the established procedure.*> The
immunocomplexes were then incubated with different concentra-
tions of recombinant MMP-7 (#444270; EMD Chemicals, Gibbstown,
NJ) for various periods of time as indicated. In some experiments,
MMP inhibitor II (#444247; EMD Chemicals) was added to the incu-
bation mixture. E-cadherin protein abundance after MMP-7 incubation
was assessed by Western blot analyses.

Statistical Analyses
All data examined were expressed as mean = SEM. Statistical analyses

of the data were performed using SigmaStat software (Jandel Scien-
tific Software, San Rafael, CA). Comparisons between groups were

J Am Soc Nephrol 23: 294-304, 2012
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made using one-way ANOVA followed by the Student-Newman-
Keuls test. A P value less than 0.05 was considered to indicate a sta-
tistically significant difference.
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