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PURPOSE. Testican-1 (or SPOCK) is a highly conserved chimeric
proteoglycan encoded by the SPOCK1 gene. Protease regula-
tory activity has recently been demonstrated by this molecule
and its family members testican-2 and -3. The present study
tested the hypothesis that testican-1 regulates corneal matrix
metalloproteinase (MMP)-2 expression, thus improving disease
outcome after Pseudomonas aeruginosa–induced keratitis.

METHODS. C57BL/6 (B6) and BALB/c mice were routinely in-
fected with P. aeruginosa and were evaluated at various
postinfection (pi) times for corneal expression of testican-1
and MMP-2, by PCR array, real-time RT-PCR, ELISA, activity
assays, zymography, and immunohistochemistry. Next, B6
mice were treated with recombinant human (rh) testican-1,
and expression was knocked down in BALB/c ice by siTesti-
can-1 treatment, to determine the relationship between the
two molecules.

RESULTS. BALB/c versus B6 mice expressed significantly higher
mRNA and protein levels of testican-1 after P. aeruginosa-
induced ocular infection. MMP-2 expression and activation was
also disparate between the two mouse strains. After rhTesti-
can-1 treatment in B6 mice, overall disease response was sig-
nificantly improved, whereas siRNA treatment of BALB/c mice
converted the normally resistant response to susceptible. Tes-
tican-1 was shown to influence MMP-2 expression, activation,
and regulation, as well.

CONCLUSIONS. This study demonstrates corneal expression of
testican-1 and its temporal regulation of MMP-2 expression and
activation after induction of bacterial keratitis. Furthermore,
the data collectively indicate that testican-1 is a novel target for
disease treatment to promote better disease outcome regarding
chronic inflammation and infection and diseases involving
pathologic tissue destruction. (Invest Ophthalmol Vis Sci.
2011;52:5339–5346) DOI:10.1167/iovs.10-6920

In regard to the eye, exposure to infectious agents may lead
to complications that consist of structural alterations to the

cornea. Bacterial infections caused by Pseudomonas aerugi-
nosa and other Gram-negative bacteria typically present as a
rapidly progressing, suppurative stromal infiltrate with marked
mucopurulent exudate. Necrosis, accompanied by inflamma-

tory epithelial edema and stromal ulceration, is also character-
istic of bacterial keratitis and can culminate in significant stro-
mal tissue destruction and loss of function. The progressive
disruption and destruction of extracellular matrix (ECM) com-
ponents are morphologic hallmarks that are not limited to the
pathogenesis of bacterial keratitis, but are also pertinent to
pathologic conditions associated with chronic inflammation
and infection and disease states for numerous tissue sites in-
cluding lung, heart, and connective tissue.

Matrix metalloproteinases (MMPs) comprise a family of
Zn2�-dependent endopeptidases that function through proteo-
lytic activity to maintain and remodel tissue architecture.1 They
are inhibited by endogenous tissue inhibitors of metalloprotei-
nases (TIMPs), and MMP substrates are composed of a variety
of ECM components, growth factors, secreted cytokines/
chemokines, and cell surface molecules. MMPs are critical in a
wide range of biological processes, including embryonic de-
velopment and tissue repair and regeneration.2 However, these
molecules also have been linked to destructive processes and
human disease, including as corneal infection, chronic obstruc-
tive pulmonary disease, tumor invasion/metastasis, and multi-
ple sclerosis.3,4 Substantial information has been garnered
through sequence determination, protein analysis, and genetic
approaches using single or complex deletions of MMP genes
regarding the various roles and temporal and spatial localiza-
tion of MMPs during disease states. Studies have revealed that
many MMP substrates can also serve to regulate MMP expres-
sion in a coordinated effort to ensure efficient activation and
control of MMPs.5–7 However, the in vivo complexities regard-
ing MMP regulation of substrate function prevail and regulation
of MMP expression and activation remains, in large part, un-
clear.

Testican is a highly conserved chimeric proteoglycan that
was initially identified in human seminal plasma.8 It is also
known by the term SPOCK, reflecting the modular organiza-
tion of its core protein, which includes four SPARC/osteonec-
tin domains and both CWCV and Kazal-like domains, which are
present in thyropin-type cysteine protease inhibitors. The tes-
tican subgroup is part of the larger BM-40/SPARC/osteonectin
protein family and includes three members (testicans-1, -2, and
-3), all of which contain an extracellular calcium-binding do-
main and a follistatin-like domain. Thus far, studies have dem-
onstrated that testican-1 plays a role in the regulation of brain
development by blocking substrate attachment and neurite
outgrowth of neuronal cells.9,10 It was also thought that, apart
from the testis, testican expression was limited to the brain and
nervous system—mainly in pyramidal cells of the hippocam-
pus. However, subsequent studies have revealed that testican
is expressed by endothelial cells and chondrocytes. In relation-
ship to MMPs, testican-1 and -3 have been demonstrated in
vitro to inhibit activation of pro-MMP-2 via upstream inhibition
of either membrane type (MT)1-MMP or MT3-MMP, although
testican-2 abrogates the inhibition of MT-MMPs, thus leading to
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MMP-2 activation.11 These data provoke closer examination
concerning a role for testican in modulating ECM degradation
and/or restoration.

As such, in the present study, we utilized well-characterized
murine models of inflammatory disease wherein corneal infec-
tion induced experimentally by P. aeruginosa causes corneal
perforation in C57BL/6 (B6) mice, classified as susceptible,
whereas the infection effectively resolves in BALB/c mice,
classified as resistant (no corneal perforation).12 This study is
the first to demonstrate the presence of testican-1 in the cornea
with the use of these models and, furthermore, to illustrate a
regulatory role for testican-1 regarding MMP-2 expression and
activation using an in vivo animal model of disease.

METHODS

Mice

Female, 8-week-old B6 and BALB/c mice were purchased from the
Jackson Laboratory (Bar Harbor, ME) and housed in accordance with
National Institutes of Health guidelines. Humane animal care con-
formed to the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Infection

P. aeruginosa strain 19660, purchased from the American Type Cul-
ture Collection (ATCC, Manassas, VA), was prepared as previously
described.13 Mice (n � 5/group/time) were anesthetized with ethyl
ether, and the left central cornea was scarified with a 25–5/8-gauge
needle to create three 1-mm incisions penetrating no deeper than the
superficial corneal stroma. A 5-�L aliquot of bacterial suspension con-
taining 1.0 � 106 CFU/�L was topically applied to the wounded
corneal surface, and disease response was graded at 1, 3, 5, and 7 days
after infection (pi) with an established grading scale.13 End points (5
and 7 days pi) for each set of experiments were based on corneal
perforation of either the control or experimental group of mice.

siRNA Treatment

In correlative experiments, BALB/c mice (n � 5/group) were injected
subconjunctivally with 5 �L containing 8 �M siRNA of testican-1 (Santa
Cruz Biotechnology, Santa Cruz, CA), 1 day before infection. Next, the
mice were treated topically with 5 �L of 4 �M siRNA, once on the day
of infection (d 0) and twice 1 day pi. Control mice were similarly
treated with a nontargeting scrambled siRNA. For TIMP-2 gene-silenc-
ing experiments, BALB/c mice were similarly injected and topically
treated with TIMP-2 siRNA (Santa Cruz Biotechnology) and compared
with scrambled siRNA–treated mice as controls. Testican-1 and TIMP-2
siRNAs are each composed of a pool of three target-specific 20 to 25 nt
siRNAs designed to knock down gene expression.

Recombinant Human Testican-1 Treatment

One day before infection, B6 mice (n � 5/group) received subcon-
junctival injections (5 �L) containing 1 �g recombinant human
(rh)Testican-1 (R&D Systems, Minneapolis, MN). The mice subse-
quently received IP injections containing 1 �g rhTestican-1 in 100 �L
PBS on days 1 and 3 pi. Control mice were similarly treated with PBS
containing 0.1% BSA. Regarding the use of recombinant human pro-
tein, there is 95% identity between cDNAs from the human testis and
mouse brain, predicting a conserved function.14

Immunostaining for Testican-1

Normal, uninfected, and infected eyes of B6 and BALB/c mice were
enucleated (n � 3/group/time) at 1, 3, and 5 days pi, immersed in PBS,
embedded in OCT compound (Tissue-Tek; Miles, Elkhart, IN), and
frozen in liquid nitrogen. Ten-micrometer-thick sections were cut,
mounted to poly-L-lysine-coated glass slides, incubated at 37°C over-
night, and fixed in acetone. After blocking with 0.01 M PBS containing

2.5% BSA and donkey IgG (1:100) for 30 minutes at room temperature,
sections were incubated with primary antibody, goat anti-testican-1
(1:100; Santa Cruz Biotechnology) for 1 hour; followed by Alexa Fluor
594–conjugated donkey anti-goat antibody (1:1500, Invitrogen, Carls-
bad, CA) for an additional hour. Sections were then incubated for 2
minutes with nuclear stain (1:15,000; SYTOX Green; Lonza, Walkers-
ville, MD). Controls were similarly treated with species-specific IgG in
lieu of the primary antibody. Sections were visualized and digital
images captured with a confocal laser scanning microscope (TSC SP2;
Leica Microsystems, Exton, PA).

Real-Time RT-PCR

Normal, uninfected, and infected corneas (n � 5/group/time) from B6,
BALB/c, and siRNA-treated mice were removed at 1, 3, 5, and 7 days pi.
Corneas were harvested, placed in RNA isolation reagent (STAT-60;
Tel-Test, Friendsville, TX), and total RNA was extracted (per the man-
ufacturer’s instructions) and used to produce a cDNA template for PCR
amplification, as previously described.15 Transcript levels for testican-1
and MMP-2 was detected by real-time RT-PCR with a single-color
real-time RT-PCR detection system (MyiQ; Bio-Rad, Hercules, CA). PCR
arrays and primers for testican-1 were purchased from SuperArray
Bioscience Corporation (Frederick, MD); primers for MMP-2 were
designed on computer (PrimerQuest SM; Integrated DNA Technolo-
gies, Coralville, IA) with the following primer sequences: MMP-2 (F)
ACACTGGGACCTGTCACTCC and (R) CCAAATAAACCGGTCCTTGA.
Relative mRNA levels were calculated using the relative standard curve
method that compares the amount of target normalized to an endog-
enous reference, �-actin, using routine methods.15

MMP-2 ELISA and Zymography

Corneas from B6, BALB/c, siRNA-treated and recombinant protein-
treated mice were analyzed for total (free, unbound) protein level of
MMP-2 (ELISA) and/or MMP-2 proteolytic activity (zymography). Cor-
neas from infected mice (n � 5/group/time) were harvested at 1, 3, 5,
and 7 days pi. For ELISAs, whole corneas were individually homoge-
nized with a glass microtissue grinder in 500 �L PBS containing 0.1%
Tween-20, and centrifuged at 13,000g for 10 minutes. Supernatants
were run in triplicate for MMP-2 (50 �L/well) per the manufacturer’s
instructions (R&D Systems). The reported sensitivity of this assay was
�0.20 ng/mL. Regarding MMP-2 zymography, whole corneas were
pooled and homogenized in 250 �L lysis buffer, centrifuged at 10,000g
for 10 minutes at 4°C. Protein concentration was determined using the
Bradford protein assay (Quick Start; Bio-Rad). Samples were diluted in
sample buffer to appropriate concentrations (recombinant MMP-2 con-
trols at 0.5 ng/lane and corneal samples at 10 �g/lane), then loaded
onto 10% polyacrylamide gels containing 0.1% gelatin. The gels were
run for 90 minutes at 125 V, and the separated enzymes were rena-
tured by incubating the gels in renaturing buffer for 30 minutes at
room temperature to remove the SDS, followed by developing buffer
(or 50 mM Tris-HCl buffer [pH 8.0], containing 10 mM EDTA as a
negative control for MMP activity) at 37°C overnight (16–20 hours) for
gelatin digestion. To visualize activated MMP-2, gels were stained with
Coomassie blue (SimplyBlue Safestain; Invitrogen) according to the
manufacturer’s instruction. To further confirm that the bands were
metalloproteinases, separate gels were incubated at 37°C overnight in
buffer lacking calcium and containing 20 mM EDTA, then stained and
destained as described above.

Testican-1 Protein Analysis

For dot blot and Western blot analyses of tissue lysate, whole corneas
from siTIMP-2-treated BALB/c mice were processed in lysis buffer
under normal conditions and at 1 and 5 days pi and protein concen-
tration was determined as described earlier. For dot blot, samples (10
�g) were pipetted onto nitrocellulose membrane, then blocked for 30
minutes in 5% solution of BSA prepared with TBST (1� TBS containing
0.05% Tween 20; Bio-Rad). Next, the blots were probed with primary
goat anti-testican-1 (1:100) antibody for 1 hour (or HRP-conjugated
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mouse anti-�-actin (1:200) as an internal control; Santa Cruz Biotech-
nology) washed three times for 5 minutes each with TBST, followed by
incubation for 1 hour with donkey anti-goat IgG-HRP secondary anti-
body (1:2000) and developed using enhanced chemiluminescence
(ECL Plus; GE Healthcare, Piscataway, NJ) according to the manufac-
turer’s instruction. Blots were visualized by transillumination and quan-
titated using a gel documentation system (AlphaImager 2000 Docu-
mentation and Analysis System; Alpha Innotech Corp., San Leandro,
CA). Integrated density values (IDVs) for each sample were corrected
for the amount of internal control, �-actin, in each sample.

Regarding Western blot, corneal protein samples (20 �g) were
separated on a 12.5% SDS-polyacrylamide gel and transferred onto
nitrocellulose membrane, blocked overnight at 4°C in 5% BSA. The
blots were similarly probed as above with primary goat anti-testican-1
(1:100) antibody overnight, washed five times for 5 minutes each with
TBST, followed by incubation for 1 hour with donkey anti-goat IgG-
HRP secondary antibody (1:2000) and developed using the ECL
method. Human recombinant testican-1 (95% homology with mouse
testican-1; R&D Systems) served as the positive control. Testican-1
blocking peptide served as the negative control (Santa Cruz Biotech-
nology).

Statistical Analysis

The difference in clinical score between two groups at each time point
was tested by the Mann-Whitney U test. An unpaired Student’s t-test
was used to determine the significance of real-time RT-PCR (except
PCR array) and protein assays. Data were considered significant at P �
0.05. All experiments were repeated at least twice (except PCR array),
and representative data from a typical experiment are shown unless
otherwise noted.

RESULTS

MMP-2 Expression in BALB/c versus B6 Mice

To investigate the mechanisms by which corneas of BALB/c
mice are able to more efficiently and effectively heal after P.
aeruginosa-induced corneal infection, whereas B6 corneas
typically perforate, we profiled mRNA levels of 84 genes re-
lated to the extracellular matrix and adhesion molecules (RT2

Profiler PCR Array; SA Biosciences-Qiagen, Frederick, MD).
Results indicated that MMP-2 was elevated in the cornea of
BALB/c over B6 mice at 3, 5, and 7 days pi (Table 1). Given the
role of MMP-2 during the process of corneal healing (specifi-
cally, collagen remodeling via secretion of collagenase, and
gelatinase B activity),1 we further examined this particular
protease in individual corneal samples by real-time RT-PCR
under normal conditions and at 1, 3, 5, and 7 days pi in BALB/c
and B6 mice. MMP-2 was significantly upregulated in BALB/c
cornea when compared with B6 at 3, 5, and 7 days pi (P �
0.03, � 0.01, 0.01; Fig. 1A).

To confirm these data, protein levels of MMP-2 in the cor-
nea were examined by using ELISA (total protein) and zymog-
raphy (proteolytic activity); the results are provided in Figures
1B and 1C, respectively. MMP-2 protein expression, as de-
tected by ELISA, in the B6 and BALB/c mouse corneas was
assessed under normal conditions and at 1, 3, 5, and 7 days pi.

Results at the protein level corroborated those obtained at the
transcript level, wherein MMP-2 protein expression in the
cornea was significantly elevated in BALB/c versus B6 mice at
all time points pi (P � 0.01).

Zymography (Fig. 1C) demonstrated that the normal cor-
neas of the BALB/c and B6 mice (Fig. 1C, lanes 2 and 3,
respectively) had detectable levels of active MMP-2 at the
protein concentration tested. At 1 day pi, MMP-2 was detect-
able at very low levels in both groups of mice (Fig. 1C, lanes 4
and 5). By 5 and 7 days pi, the BALB/c mice (Fig. 1C, lanes 6
and 8) showed higher MMP-2 activity, whereas levels appeared
remarkably reduced in corneas of the B6 mice (Fig. 1C, lanes 7
and 9). Negative controls (incubated with 10 mM EDTA) did
not show any detectable bands for MMP-2 (data not shown).

Testican-1 Expression in BALB/c versus B6 Mice

Since MMP-2 expression and activation are markedly different
between the two mouse strains, and previous in vitro studies
suggest a regulatory role for testican-1 over MMP-2, this pro-
teoglycan was examined as a modulator of the MMP-2-driven
component of disease outcome after P. aeruginosa-induced
ocular infection. Initially, the profiler PCR array data revealed
that testican-1 corneal mRNA levels were highly upregulated in
BALB/c over B6 mice at 1, 3, 5, and 7 days pi (Table 1).

Next, testican-1 was examined individually using real-time
RT-PCR, and transcript levels were significantly elevated at 3, 5,
and 7 days pi in corneas of the BALB/c versus the B6 mice
(Fig. 2A); however, no significant differences were detected at
1 day pi or in the normal cornea. These data were further
confirmed by testican-1 immunostaining at 1, 3, and 5 days pi
(Fig. 2B). Control sections under normal (uninfected) condi-
tions (data not shown) and at 1 day pi (top) were negative for
testican-1 staining in both the B6 and BALB/c mice, but both
groups stained positive for green nuclear stain (SYTOX;
Lonza). While testican-1 (red) was evident in the corneal epi-
thelium of B6 mice at 3 and 5 days pi, corneas of BALB/c mice
revealed positive stromal staining, in addition to epithelial
staining, at the same time points. Control sections (bottom
panels) were similarly incubated, but in the absence of the
primary antibody (replaced with goat IgG), and were negative

TABLE 1. PCR Array Analysis

Days PI MMP-2 TIMP-2 Testican-1

1 1.1 1.32 3.49
3 1.7 3.39 12.66
5 1.52 1.92 11.89
7 2.23 3.25 7.06

Data are the fold difference of BALB/c versus B6.

FIGURE 1. MMP-2 levels in the cornea in B6 versus BALB/c mice after
ocular infection. (A) MMP-2 transcript levels were significantly ele-
vated in BALB/c versus B6 mice at 3, 5, and 7 days pi. N, normal,
uninfected cornea (N, P � 0.59; 1 day pi, P � 0.06). (B) MMP-2 total
protein levels were significantly higher at 1, 3, 5, and 7 days pi in
resistant BALB/c when compared to those in susceptible B6 mice. (N,
P � 0.5). (C) Activity for MMP-2 appeared upregulated in BALB/c mice
at 5 and 7 days pi; however, levels were comparable to B6 mice under
normal (uninfected) conditions and at 1 day pi.
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for testican-1 immunostaining and positive for green nuclear
stain (SYTOX; Lonza). In addition to immunostaining, corneal
expression of testican-1 was detected by Western blot at 1, 3,
and 5 days pi (Fig. 2C). Results showed that testican-1 was not
detectable in either the BALB/c or the B6 mice at 1 day pi
(lanes 2 and 3, respectively); however, at both 3 and 5 days pi,
the BALB/c mice revealed greater protein expression (lanes 4
and 6) when compared to B6 (lanes 5 and 7) at the same time
points. These results correlated well with MMP-2 levels. Not
only were testican-1 and MMP-2 levels increased over time, but
both were upregulated in BALB/c versus B6 mice, as well.

siTestican-1 Treatment of BALB/c Mice

Given the divergent expression of testican-1 in resistant
BALB/c versus susceptible B6 mice, as demonstrated at the
mRNA (real-time RT-PCR) and protein (immunostaining and
Western blot) levels, testican-1 expression was silenced in
resistant BALB/c mice to test the role of this proteoglycan in
disease pathogenesis. Verification of testican-1 silencing in the
cornea of BALB/c mice was performed by real-time RT-PCR
(Fig. 3D). Results indicated that siRNA treatment significantly
inhibited testican-1 mRNA expression through 7 days pi when
compared to the scrambled siRNA–treated BALB/c mice.

Disease progression was observed in scrambled siRNA–
treated BALB/c mice (control) and documented through 7 days
pi by clinical score and photography with a slit lamp (Figs,
3A–C). Knockdown of testican-1 gene expression resulted in
poorer disease outcome, as indicated by clinical score (Fig.
3A); corneas were significantly worse at 3, 5, and 7 days pi
(P � 0.01), ultimately perforating (grade � �4) compared to
control corneas (grade � �2). Photographs taken by slit lamp
showed that treatment with siTestican-1 (Fig. 3B) exacerbated
the pathologic condition, as indicated by increased corneal
opacity and perforation when compared with that in the
scrambled siRNA–treated control mice (Fig. 3C).

To test whether testican-1 regulates corneal MMP-2 during
bacterial keratitis, mRNA, we analyzed total free protein and

activity levels of MMP-2 over time by real-time RT-PCR, ELISA,
and Western blot in siTestican-1-treated versus scrambled
siRNA–treated (control) BALB/c mice (Figs. 3E–G). After testi-
can-1 silencing in the BALB/c mice, corneal MMP-2 mRNA
levels (Fig. 3E) were similar to those in the scrambled controls
at 1 day pi, but then were significantly downregulated at 3, 5,
and 7 days pi (P � 0.01). In parallel, MMP-2 total protein levels
(Fig. 3F) were significantly downregulated at 3, 5, and 7 days pi
(P � 0.001) after siRNA treatment when compared with the
scrambled controls. Furthermore, MMP-2 activity levels also
were reduced in corneas of siTestican-1 versus scrambled
BALB/c mice at 1, 3, and 5 days pi, as shown in Figure 3G. No
difference was observed in normal, uninfected corneas (Fig.
3G, lanes 2 and 3).

rhTestican-1 Treatment of B6 Mice

To parallel testican-1 silencing in resistant BALB/c mice, we
next treated susceptible B6 mice with rhTestican-1 and simi-
larly examined the effects. Clinical score and slit lamp photog-
raphy (Figs. 4A–C) were used to document disease progression
through 5 days pi and compared with that in the PBS/BSA-
treated B6 mice (control). Treatment with rhTestican-1 re-
sulted in significantly improved disease outcome at 3 and 5
days pi (P � 0.01), as indicated by clinical score (Fig. 4A).
Photographs taken by slit lamp demonstrate treatment with
rhTestican-1 (Fig. 4C) ameliorated disease pathogenesis as in-
dicated by decreased corneal opacity when compared with
that in the PBS/BSA-treated controls (Fig. 4B).

Next, we examined the effects of rhTestican-1 treatment
regarding corneal MMP-2 expression/activation during bacte-
rial keratitis. Transcript and activity levels of MMP-2 were
analyzed over time by real-time RT-PCR and gelatin zymogra-
phy in the recombinant-treated versus the PBS/BSA-treated
(control) B6 mice (Figs. 4D, 4E). After recombinant treatment
in the B6 mice, corneal MMP-2 mRNA levels (Fig. 4D) were
significantly elevated at 3 and 5 days pi (P � 0.04) when
compared to the controls. In addition, MMP-2 activity (Fig. 4E)

FIGURE 2. Testican-1 expression as
detected from corneas of B6 and
BALB/c mice after P. aeruginosa
ocular infection. (A) Normal, unin-
fected corneas of the B6 and
BALB/c mice showed comparable
mRNA levels of testican-1 (P � 0.9).
At 1 day pi, the BALB/c mice
showed an increase in testican-1 ex-
pression (P � 0.11) that became
significant at 3, 5, and 7 days pi
compared to that in the B6 mice.
(B) Immunostaining of testican-1
protein in corneas of the B6 (left)
and BALB/c (right) mice was not
detected under normal, uninfected
conditions (data not shown) nor at
1 day pi. Positive testican-1 staining
was evident in the B6 mice at 3 and
5 days pi, localized primarily to the
corneal epithelium. Epithelial stain-
ing and positive stromal staining
were revealed in the cornea of
BALB/c mice at the same time
points. Controls (primary antibody
omitted) stained positive for green
nuclear stain only. Magnification,
�50. (C) Western blot analysis re-
vealed that testican-1 protein was
not detectable in the BALB/c or the

B6 mice at 1 day pi (lanes 2 and 3), whereas expression appeared greater in the BALB/c (lanes 4 and 6) versus the B6 mice (lanes 5 and
7) at both 3 and 5 days pi. Human recombinant testican-1 (MW, 50,000 –56,000) served as the positive control (lane 1).
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was elevated at both 1 and 5 pi (lanes 5 and 7); however, there
appeared to be no difference in the normal, uninfected corneas
after rhTestican-1 treatment (lane 3) when compared to the
controls (lane 2).

siTIMP-2 Treatment and Testican-1/MMP-2 Levels

We next examined the mechanism for disparate testican-1
expression levels in BALB/c versus B6 mice. It has been hy-
pothesized that TIMP-2 levels dictate MT1-MMP substrates in
an in vitro cell culture model.4 In the resistant BALB/c mouse,
the PCR profile array revealed that TIMP-2 levels were two- to
threefold higher than in the B6 mice after P. aeruginosa-
induced ocular infection (Table 1). Therefore, we investigated
the potential regulatory role of TIMP-2 over testican-1 by si-
lencing TIMP-2 in the BALB/c mice.

The clinical score (Fig. 5A) indicated poorer disease out-
come after siTIMP-2 treatment, but the difference was not
significant when compared with the scrambled controls. Si-
lencing was confirmed by real-time RT-PCR through 7 days pi
(Fig. 5B). Protein levels for testican-1 were not significantly
different after siTIMP-2 treatment when compared with scram-
bled siRNA BALB/c controls under normal conditions or at 1
and 5 days pi (Fig. 5C) when detected by dot blot analysis.
However, when visualized by Western blot, siTIMP-2 treatment
revealed double bands for testican-1 under normal (uninfected)
conditions and at both 1 and 5 days pi indicating cleavage/
degradation, whereas only a single band indicative of intact
protein (MW of testican-1: 50,000–56,000) appeared in scram-
bled siRNA BALB/c controls (Fig. 5D). In addition, MMP-2 total
protein levels were significantly downregulated after siTIMP-2

treatment when compared with the controls at 3, 5, and 7 days
pi (Fig. 5E). These results were further corroborated by zymog-
raphy (Fig. 5F), wherein at 5 days pi, active MMP-2 levels were
decreased (but increased latent MMP-2) after siTIMP-2 treat-
ment (lane 7) when compared to scrambled BALB/c controls
(lane 6). No differences were observed between the two
groups at 1 day pi (lanes 4 and 5) or under normal (uninfected)
conditions (lanes 2 and 3).

DISCUSSION

Degradation of the matrix facilitates inflammatory cell transmi-
gration into the infected tissue site, which is imperative in
mounting an effective inflammatory/immune response. How-
ever, reconstitution of the ECM and restoration of tissue ho-
meostasis are equally essential components of a successful host
response to infection or disease. Progressive degradation of
extracellular matrices is a fundamental characteristic of
chronic inflammation and pathologic disease states. In fact, it is
the unregulated, persistent proteolysis of the ECM that is a
major cause of bystander tissue damage, as illustrated by the
disease pathogenesis of B6 mice during corneal infection.12 In
the present study, we examined mechanisms by which stromal
destruction predominates in the B6 cornea, whereas stromal
healing and reorganization occurs in the cornea of BALB/c
mice.

It is well understood that the enzymatic activity of MMPs
largely contribute to modulating normal, as well as pathologic,
conditions of the ECM.16 During ocular wound healing, MMP
expression and activation are important in basement mem-

FIGURE 3. Disease response and cor-
neal MMP-2 expression/activity in siTes-
tican-1 treatment versus scrambled
siRNA control in BALB/c mice after P.
aeruginosa ocular infection. The clinical
score indicated that silencing of testi-
can-1 significantly exacerbated disease
response at 3, 5, and 7 days pi (1 day pi,
P � 0.31). (A) Converting the typical
response from resistant to susceptible.
Photographs taken by slit lamp of P.
aeruginosa-infected BALB/c eyes are
shown after treatment with siTestican-1
(B) or scrambled siRNA (C). Representa-
tive eyes were photographed for both
groups at 7 days pi. Magnification, �5.
Verification of testican-1 silencing (D)
was performed through 7 days pi and
revealed significantly reduced corneal
transcript levels at all time points when
compared to the scrambled siRNA con-
trol BALB/c mice. MMP-2 mRNA levels
(E) were significantly lower under nor-
mal conditions and at 3, 5, and 7 days pi
in the siTestican-1-treated mice when
compared to the scrambled siRNA
BALB/c controls; however, the levels
were comparable to those in the con-
trols at 1 day pi (P � 0.31). Protein levels
for MMP-2 (F) corresponded with
mRNA levels, which were significantly
reduced at 3, 5 and 7 days pi (N, P � 0.9;
1 day pi, P � 0.26). In addition, MMP-2
activity (G) appeared reduced at 3 and 5
days pi after siTestican-1 treatment (siT)
when compared to controls.
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brane remodeling, wound contraction, debris clearance, and
fibrotic repair tissue deposition.1 Complementary to, yet inde-
pendent of, proteolytic activity of these molecules, MMPs can
influence molecular mediators of inflammation through the
generation of both pro- and anti-inflammatory signals.1 MMP-7
has been shown to have a protective response in the small
intestine by proteolytic processing of the mature form of �-de-
fensin,17 an antimicrobial peptide expressed by Paneth cells.
MMP-2, -3, -7, and -9 have been shown to release TGF-� from
the ECM, allowing for its subsequent activation18,19 and exe-
cution of immunomodulatory functions, which include selec-
tive stimulation of ECM components. This family of proteolytic
enzymes has also been linked to both normal and pathologic
neovascularization by regulating the bioavailability of angio-
genic factors, such as vascular endothelial growth factor and
epithelial growth factor.1 A previous study from our laboratory
showed that MMP-9 (gelatinase B) regulates corneal immune
function by degrading collagen IV and upregulating chemotac-
tic cytokines/chemokines IL-1� and macrophage inflammatory
protein (MIP)-2.20 Results from the present study demonstrate
disparate expression profile for MMP-2 in the cornea of BALB/c
versus B6 mice. This differential MMP expression is thought to
influence matrix regeneration or degradation, thus potentiat-
ing resistance (BALB/c) or susceptibility (B6) after P. aerugi-
nosa-induced ocular infection. When further explored, it was
found that MMP-2 (gelatinase A), noted for its role in wound
repair and development,1,2,21 is upregulated late in BALB/c
mice; thus, corresponding to a shift in the immune response
toward wound healing and tissue restoration. The MMP-2 data
corresponded with a recent study of MMP expression during
fungal keratitis.22 The investigators spatially localized MMP-2
expression to corneal epithelium using immunofluorescent
staining and immunohistochemistry. Given that the BALB/c
cornea remains more intact than B6 after bacterial keratitis, we
hypothesize that during the wound-healing phase, higher

MMP-2 levels are due to (1) direct protein expression by
corneal epithelial cells or (2) the indirect production of epi-
thelial-derived signals that augment MMP-2 expression. MMP-2
levels are lower in B6 mice since the corneal epithelium is, in
large part, decimated, which strengthens the supposition that
MMP-2 expression in the cornea is dependent on corneal
epithelial cells and warrants additional investigation. In addi-
tion, given that MMP-2 is linked to corneal healing, remodeling,
and maintenance, we surmise that the decrease in protein
levels for both BALB/c and B6 mice at 1 day pi is an effort to
clear the Pseudomonas infection, which is then followed by
increased levels of MMP-2 focused on healing and reconstitu-
tion of the stroma.

As previously mentioned, MMP-2 activation can occur via
interaction with MT1-MMP. Nakada et al.11 have demonstrated
in an in vitro cell culture model that testican-1 (and testican-3)
suppresses MMP-2 activation via MT1-MMP inhibition. They
also showed that testican-2 can abrogate this inhibition, leading
to MMP-2 activation. In contrast, the data presented herein
showed that resistant BALB/c mice expressed significantly
higher levels of testican-1 and MMP-2 when compared to sus-
ceptible B6 mice, indicating that testican-1 does not inhibit
MMP-2 activation in vivo. This finding is further supported by
the spatial relationship between testican-1 and MMP-2, as dem-
onstrated by immunofluorescent staining (Fig. 2B); testican-1
protein was limited to the epithelium of B6 mice, whereas it
was detected throughout the epithelium and stroma of the
BALB/c mice (spatially facilitating the effects on MMP-2 within
the stroma). It could be hypothesized that testican-2 levels
abate inhibitory effects of testican-1. However, when testican-1
was silenced in the resistant BALB/c mouse, disease severity
was worsened and MMP-2 (as well as MMP-13, data not shown)
mRNA and protein levels were significantly decreased over
those in the controls, further supporting a direct relationship
between testican-1 and MMP-2. Moreover, when susceptible

FIGURE 4. Disease response in
rhTestican-1 treatment versus PBS/
BSA-treated control in B6 mice after
P. aeruginosa ocular infection. Clin-
ical score demonstrated that treat-
ment with rhTestican-1 significantly
improved disease outcome at 3 and 5
days pi (A), converting the typical
response from susceptible to resis-
tant (1 day pi, P � 0.68). Photo-
graphs (taken by slit lamp) of P.
aeruginosa-infected B6 eyes are
shown after treatment with PBS/BSA
(B) or rhTestican-1 (C). Representa-
tive images were taken for both
groups at 5 days pi. Magnification,
�5. Transcript levels of MMP-2 (D)
were significantly upregulated at 1,
3, and 5 days pi after rhTestican-1
treatment when compared with the
controls (N, P � 0.29). MMP-2 activ-
ity (E) appeared elevated at both 1
and 5 days pi after rhTestican-1 treat-
ment (rhT) when compared with the
controls (PBS), whereas there ap-
peared to be no difference between
the groups under normal conditions.
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B6 mice were treated with rhTestican-1 protein, the disease
progression was, in fact, reduced, and MMP-2 was significantly
increased over the controls at both mRNA and protein levels. It
is plausible that changes in MMP expression could be merely in
response to changes in infection severity and subsequently,
changes in the amount of viable ocular tissue, instead of testi-
can-1 levels. However, it is important to note that these
changes in MMP expression also occurred at earlier time points
(3 days pi) when the amount of viable tissue between experi-
mental and control groups were, in large part, comparable. In
addition, gene silencing of TIMP-2 in resistant BALB/c mice did
not significantly exacerbate disease outcome, yet MMP-2 levels
were still decreased compared to the controls, further negating
the idea that changes in MMP-2 expression are merely a result
of disease severity.

Our results correlate with a model described by Kudo et
al.,4 wherein MT1-MMP substrates are determined by TIMP-2
levels. At low (or no) TIMP-2 levels, MT1-MMP does not acti-
vate MMP-2, yet directly digests its own substrates, which
includes testican-1. At moderate levels, TIMP-2 forms a com-

plex with MT1-MMP and allows MMP-2 activation to occur.
However, when TIMP-2 levels are saturated, pro-MMP-2 tran-
siently replaces TIMP-2 for activation, but free TIMP-2 then
blocks active MMP-2. In the resistant BALB/c mouse, TIMP-2
levels were two to threefold higher than those in the B6 after
P. aeruginosa-induced ocular infection. Given that TIMP-2
levels in susceptible B6 mice are low, this hypothesis provides
a mechanism for reduction in activated MMP-2 levels (MT1-
MMP does not complex with TIMP-2 to activate MMP-2) and
lower testican-1 protein levels (due to MT1-MMP digestion)
when compared with the resistant BALB/c mouse. In fact,
when TIMP-2 was silenced in BALB/c mice, disease response
was exacerbated, and MMP-2 protein levels were significantly
decreased, resulting in an accumulation of latent MMP-2, when
compared with that in the scrambled siRNA–treated controls.
More notably, testican-1 protein levels were comparable be-
tween siTIMP-2-treated and controls groups; however, siT-
IMP-2 treatment revealed cleaved or digested testican-1 protein
(multiple bands), whereas testican-1 protein remained intact in
the corneas of the control animals. These data not only support

FIGURE 5. Effects of siTIMP-2 treat-
ment on testican-1 and MMP-2 protein
levels in BALB/c mice after ocular infec-
tion. (A) The clinical score showed that
TIMP-2 silencing resulted in increased
disease severity, but the difference was
not significant when compared with the
scrambled siRNA controls (1, 3, 5, and 7
days pi; P � 0.69, 0.99, 0.15, and 0.11,
respectively). (B) Verification of testi-
can-1 silencing was performed through
7 days pi and revealed significantly re-
duced corneal transcript levels at all time
points when compared to scrambled
control BALB/c mice. (C) IDVs from dot
blot analysis demonstrated that silencing
of TIMP-2 resulted in comparable testi-
can-1 protein expression under normal
conditions and at 1 and 5 days pi when
compared to scrambled siRNA–treated
control animals (P � 0.33, 0.5, and 0.52,
respectively). There were no significant
differences between any of the groups.
(D) After siTIMP-2 treatment (si), West-
ern blot analysis revealed double bands
for testican-1 protein, indicating degrada-
tion/cleavage, under normal conditions
and at 1 and 5 days pi (lanes 2, 4, and 6,
respectively). Single bands, revealing in-
tact protein (MW, 50,000–56,000),
were detected for testican-1 in scram-
bled siRNA–treated mice at the same
time points (lanes 1, 3, and 5, respec-
tively). Human recombinant testican-1
served as the positive control (lane 7).
(E) MMP-2 protein levels were signifi-
cantly decreased at 3, 5, and 7 days pi
after siTIMP-2 treatment when com-
pared with control BALB/c mice (N, P �
0.2, 1 day pi, P � 0.06). (F) MMP-2 ac-
tivity was similar to that in the controls
under normal conditions and at 1 day pi;
however it was markedly decreased at 5
days pi after siTIMP-2 treatment, as de-
tected by zymography.
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the hypothesis that MMP-2 activation is dependent on TIMP-2
levels, but that testican-1 serves as an alternate substrate for
MT1-MMP. Although there are mechanisms at the transcrip-
tional level that remain to be explored, these data support a
mechanistic role of the differential expression of both testi-
can-1 and MMP-2 at the protein level.

In regard to the eye, testican-1 expression has been de-
tected throughout the corneal epithelium and stroma (as dem-
onstrated herein), as well as the epithelial lining of both the
cornea and conjunctiva.23 However, as previously mentioned,
vascular endothelial cells have also been implicated as a source
for this proteoglycan. In our model of bacterial keratitis,
greater neovascularization is observed in BALB/c versus B6
mice after infection (LDH, unpublished data, 2010). As such,
this observation warrants further investigation into a potential
correlation between neovascularization and testican-1 expres-
sion.

In summary, this study provides a new perspective on MMP
function and regulation within the context of resistant and
susceptible murine models of ocular infection. Moreover, its
implications can be extended to other sites of inflammation
and/or disease. The results demonstrate the temporal signifi-
cance of MMP expression regarding wound healing. More
significantly, however, they also delineate a regulatory role for
testican-1; a role that was previously restricted to inhibition of
MMP-2 in vitro, but is revealed in vivo to modulate MMP-2
activation and promote wound healing. MMPs remain intricate
enzymes that are highly regulated, but to date no unifying
regulatory theme has been identified. Testican-1 offers poten-
tial clinical relevancy in MMP-driven diseases and pathologic
conditions, which warrants further investigation into its broad
MMP regulatory properties.
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