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PURPOSE. Secreted protein, acidic and rich in cysteine (SPARC) elevates intraocular pres-
sure (IOP), increases certain structural extracellular matrix (ECM) proteins in the juxta-
canalicular trabecular meshwork (JCT), and decreases matrix metalloproteinase (MMP)
protein levels in trabecular meshwork (TM) endothelial cells. We investigated SPARC as a
potential target for lowering IOP. We hypothesized that suppressing SPARC will decrease
IOP, decrease structural JCT ECM proteins, and alter the levels of MMPs and/or their
inhibitors.

METHODS. A lentivirus containing short hairpin RNA of human SPARC suppressed SPARC
in mouse eyes and perfused cadaveric human anterior segments with subsequent IOP
measurements. Immunohistochemistry determined structural correlates. Human TM cell
cultures were treated with SPARC suppressing lentivirus. Quantitative reverse transcrip-
tase polymerase chain reaction (PCR), immunoblotting, and zymography determined total
RNA, relative protein levels, and MMP enzymatic activity, respectively.

RESULTS. Suppressing SPARC decreased IOP in mouse eyes and perfused human anterior
segments by approximately 20%. Histologically, this correlated to a decrease in collagen
I, IV, and VI in both the mouse TM and human JCT regions; in the mouse, fibronectin was
also decreased but not in the human. In TM cells, collagen I and IV, fibronectin, MMP-2,
and tissue inhibitor of MMP-1 were decreased. Messenger RNA of the aforementioned
genes was not changed. Plasminogen activator inhibitor 1 (PAI-1) was upregulated in
vitro by quantitative PCR and immunoblotting. MMP-1 activity was reduced in vitro by
zymography.

CONCLUSIONS. Suppressing SPARC decreased IOP in mice and perfused cadaveric human
anterior segments corresponding to qualitative structural changes in the JCT ECM, which
do not appear to be the result of transcription regulation.

Keywords: SPARC, shRNA suppression, extracellular matrix (ECM), intraocular pressure
(IOP)

Glaucoma is a leading cause of blindness worldwide
that affects more than 66 million individuals.1 Primary

open-angle glaucoma (POAG) is the second leading cause
of irreversible blindness in the United States.2,3 POAG is
characterized by the degeneration of retinal ganglion cells
that is strongly correlated to an elevated intraocular pressure
(IOP).4 IOP is maintained by the balance between aqueous
humor production and drainage. Conventional outflow of
aqueous humor drainage is primarily through the trabecular
meshwork (TM) into Schlemm’s canal.5 The exact molecu-
lar and cellular processes responsible for the normal phys-
iologic regulation of outflow resistance across the TM are
not fully elucidated. However, the equilibrium between the
synthesis and breakdown of extracellular matrix (ECM)
within the juxtacanalicular region of the TM (JCT) strongly

influences IOP.6 Furthermore, alterations of the ECM within
the JCT have been found to be a primary pathophysiologic
association with POAG.7 We believe that proteins known to
regulate ECM equilibrium in other tissues will influence IOP.

Secreted protein, acidic and rich in cysteine (SPARC)
is a nonstructural, secreted glycoprotein that is involved
in the cellular regulation of ECM.5 SPARC is significantly
expressed in a variety of tissues and is implicated in a wide
range of pathologic processes, including hepatic fibrosis,8

osteoporosis,9 and renal interstitial fibrosis,10 in which fibro-
sis plays an important role. We and others have investi-
gated the potential role of SPARC in IOP regulation and
glaucoma.11 SPARC is highly expressed in human TM in
response to physiologic stress.12 Furthermore, overexpres-
sion of SPARC elevates IOP in perfused human cadaveric
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anterior chambers.13 Conversely, SPARC−/− mice have a
lower IOP and more uniform aqueous outflow.11,14 One
mechanism by which SPARC may increase resistance is by
causing a qualitative change in the JCT ECM; SPARC overex-
pression increases collagen I, collagen IV, fibronectin,15 and
laminin in cultured TM cells and perfused human cadav-
eric anterior chambers.13 Although the relative quantities
of these proteins changed, their messenger RNA (mRNA)
was not affected by SPARC overexpression,13 indicating that
regulation of these components by SPARC was unrelated to
transcriptional control. SPARC overexpression decreased the
level of pro–matrix metalloproteinase (MMP) 9 and MMP-9
enzyme activity, suggesting a possible mechanism.13 These
studies indicate that SPARC plays a critical regulatory role in
normal TM outflow resistance.

Transforming growth factor β2 (TGF-β2) is highly
increased in the aqueous humor of patients with POAG.16,17

TGF-β2 itself increases IOP in experimental models.18 In
TM cells, SPARC is the most highly expressed protein
in response to TGF-β219 through activation of Smad 2/3
and p38 pathways.20 TGF-β2 is unable to increase IOP in
SPARC−/− mice, strongly implicating SPARC as a critical
component of the pathogenesis of POAG.21

We hypothesized that inhibiting SPARC will lower IOP
and correspond to qualitative changes in certain struc-
tural ECM proteins and MMPs. We investigated the effect
of suppressing SPARC using short hairpin RNA (shRNA)
in mice, perfused cadaveric human anterior segments, and
human TM endothelial cells.

MATERIALS AND METHODS

Lentivirus Construction

A lentiviral shRNA kit was purchased fromOpen Biosystems,
Inc. (Huntsville, AL, USA) in which five different shSPARC
sequences (#8709, #8710, #8711, #8712, and #8713) were
included. To screen out the most effective construct to
downregulate SPARC expression in TM cells, 0.5 μg of the
constructs was transfected into 297T and HT1080 cell lines.
SPARC expression was analyzed by Western blot, in which
the constructs (#8709, 5′-CGGTTGTTCTTTCCTCACATT-3′

for human SPARC; #8712, 5′-GTGAAGAAGATCCATGAGAAT-
3′ for mouse SPARC) were chosen because they most effec-
tively downregulated SPARC in the tumor cell lines. Then,
lentivirus-expressing shRNA (#8709) (Lenti-shSPARC) was
produced by transfecting the 293T cell line following the
manufacturer’s protocol. The day before transfection, the
293T cells were plated at a density of 5.5 × 106 cells
per 100-mm plate. On the day of transfection, DNA/Arrest-
In complexes were made by mixing 9 μg of construct
DNA, 28.5 μg of packaging mix, and 187.5 μg of Arrest-
In transfection reagent in 2 mL of serum-free media or
plain Dulbecco’s modified Eagle’s medium (DMEM). After
incubating the mixture for 20 minutes at room tempera-
ture (RT), 3 mL of Opti-MEM I Reduced Serum Medium
(Thermo Fisher Scientific, Waltham, MA, USA) was added
to the transfection complexes. It was mixed very gently
and replaced onto the cells, which were incubated at 37°C,
5% CO2 chamber for 3 to 6 hours. After the transfection
mixtures were removed, 12 mL DMEM (10% fetal serum
bovine, 1× penicillin/streptomycin and 1× L-glutamate)
was replaced. Cells were then incubated at 37°C, 5% CO2

chamber for 48 hours. Nonsilent (NS) shRNA was used to
construct the nonsilent control lentivirus (Lenti-shControl)

(5′-ATCTCGCTTGGGCGAGAGTAAG-3′). After 48 hours of
incubation, lentivirus-including media were harvested. To
purify and determine lentivirus titer, ViraBind Lentivirus
Concentration and Purification kit and QuickTiter Lentivirus
Quantitation kit (Cell Biolabs, Inc., San Diego, CA, USA)
were used per the manufacturer’s instructions. TM cells were
infected using Lenti-shSPARC at 2 × 106 transduction units
(TU)/mL (2 multiplicity of infection (MOI)) in DMEM media
with 2% fetal bovine serum (FBS) including 8 μg/mL of poly-
brene (Sigma-Aldrich, St. Louis, MO). Then, the cells were
incubated for 3 days and DMEM replaced with serum-free
media for another 24 hours. The next day, cell lysates (CLs)
and conditioned media (CM) were harvested to perform
Western blot analysis or quantitative polymerase chain reac-
tion (qPCR).

Murine Lentiviral Injection

All experiments using mice were in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research and an approved institutional animal
care and use committee protocol at the Massachusetts Eye
and Ear Infirmary and Case Western Reserve University.
Wild-type (WT) strains (C57BL/6 × 129/SvJ) were obtained
from the Benaroya Research Institute at Virginia Mason
(Seattle, WA, USA). All mice were between the ages of
8 and 14 weeks, and injections were performed in a
biosafety level 2 room. Mice were anesthetized with a
ketamine/xylazine/acepromazine mixture (100 mg, 10 mg, 1
mg per kg of body weight, respectively; Patterson Veterinary
Supply, Danvers, MA, USA). Control or shSPARC lentivirus
was loaded in a Nanofil syringe (World Precision Instru-
ments [WPI], Sarasota, FL, USA) and connected to a 36-
gauge needle (NF36BV-2; WPI). The mouse was placed
on a stereotactic stand (BrandTech Scientific, Essex, CT,
USA). The needle was inserted intracamerally by penetrat-
ing the peripheral cornea as parallel to the iris as possible
using a clear corneal beveled incision. The needle was posi-
tioned such that the lumen faced the center of the anterior
chamber. Using a microprocessor-based micro-syringe pump
controller (Micro4; WPI), 2 μL of lentivirus was injected
intracamerally at a rate of 4 nL/s. Based on the injected
volume and previous calculations of aqueous humor dynam-
ics for mice of this age range,22 a conservative estimate for
complete aqueous turnover was calculated as 44 minutes.
After the injection was completed, the needle remained in
the eye for the additional 44 minutes to maintain the pres-
sure gradient to allow the lentivirus to contact and infect
TM. Lubricant drops (GenTeal, Alcon Laboratories Inc., Fort
Worth, TX) were applied to the exterior of both eyes. After
the 44-minute period elapsed, the needle was removed from
the eye. Forceps were used to briefly grasp the cornea near
the injection site to provide local tamponade. One drop of
proparacaine (Alcaine; Alcon, Fort Worth, TX, USA) and one
drop of ofloxacin (Akorn, Lake Forest, IL, USA) were then
administered.

IOP Measurement

Rebound tonometry was used to measure IOP. Our measure-
ment technique and its accuracy have been described in
detail previously.23 Briefly, the anesthetized mouse was
placed on a movable stand (BrandTech Support Jack;
BrandTech Scientific, Essex, CT, USA) with its nose inside a
facemask. The TonoLab tonometer (Colonial Medical Supply,
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Franconia, NH, USA) was fixed horizontally and a remote
pedal was used to actuate measurements to eliminate poten-
tial artifact caused by manual handling of the device. A set of
six measurements was repeated three times, and the mode of
each set was averaged; this value was recorded as the IOP. All
measurements and injection experiments were conducted
between 11 AM and 3 PM to minimize potential artifact from
circadian variability.12,24 The IOP of both eyes was measured
the day before injection and every other day after intracam-
eral injection starting on the 4th and ending on the 13th
day.

Tissue Processing and Histology

After determining the overall IOP trend in a cohort of
WT mice injected with Lenti-shSPARC over approximately
2 weeks, the lowest IOP was noted to be 8 days after injec-
tion. Another cohort of mice was subsequently injected with
control or Lenti-shSPARC for morphologic analysis specif-
ically at this time point of 8 days. At 8 days, this cohort
was euthanatized with CO2, and their eyes were enucleated
immediately for fixation in 10% paraformalin (VWR Inter-
national, Radnor, PA, USA) for 24 hours at RT, followed by
transfer to 70% ethanol at 4°C. Eyes were then processed and
embedded in paraffin wax for serial sectioning of 5-μm-thick
sections, which were stained with hematoxylin and eosin
and for immunohistochemistry studies.

Human Perfused Anterior Segment Culture
System

Our technique has previously been described in detail.20

Briefly, pairs of ocular disorder-free human donor eyes (ages
59, 62, and 71 years) were obtained from regional eye banks
and managed according to the Declaration of Helsinki guide-
lines on research involving human tissue and our institu-
tional review board. Anterior segments were isolated from
the rest of the eyes. The irises and lenses were removed
as well. The anterior segments were rinsed with culture
medium consisting of DMEM with 1% FBS, 1% L-glutamine
(2 mM), penicillin (100 U/mL), streptomycin (100 U/mL),
gentamicin (0.17 mg/mL), and amphotericin-B (0.25 μg/mL).
The anterior segments were mounted in custom plexi-
glass culture chambers, and microinfusion pumps (Harvard
Apparatus, Holliston, MA, USA) were used to perfuse the
segments at a constant flow rate of 2.5 μL/min with the
previously described culture medium under 5% CO2 at 37°C.
IOP was monitored with a pressure transducer (BD Medical,
Franklin Lakes, NJ, USA), and hourly averages of measure-
ments taken every second were recorded. After a stable base-
line IOP was achieved, one eye of each pair was injected
with Lenti-shControl and the other eye with Lenti-shSPARC
using 1 × 108 infectious units in 100 μL. Perfusion and IOP
measurements were continued for 5 days, after which the
anterior segments were fixed and sectioned for subsequent
light microscopy and immunohistochemistry studies.

Immunohistochemistry

The following antibodies were used in this study: collagen
I (600-401-103-0.1; Rockland, Gilbertsville, PA, USA), colla-
gen IV (AB756P; EMD Millipore, Billerica, MA, USA), colla-
gen VI (SAB4500387; Sigma-Aldrich), fibronectin (ab23750;
Abcam, Cambridge, MA, USA), laminin (AB2034; EMD Milli-

pore), and SPARC (AF942; R&D Systems, Minneapolis, MN,
USA). Sections were washed with xylene and subsequently
hydrated with ethanol dilutions (100%, 95%, 70%) three
times. Sections were then rinsed with deionized H2O. Tissue
was then blocked in 10% donkey serum (all other antibod-
ies) for 1 hour at RT and permeabilized using 0.2% Triton-
100. Primary antibody was applied at 1:100 concentration
overnight at 4°C. Slides were subsequently washed with 1×
Phosphate Buffered Saline with Tween20 (PBS-T), and 1:200
secondary antibody was applied for 1 hour at RT (Table 1).
Slides were washed once again, and the tissue was imaged
using the Zeiss Axiovert 200M inverted fluorescent micro-
scope (Carl Zeiss, Heidelberg, Germany) attached to a digi-
tal camera (AxioCamMR3; Carl Zeiss). Images were obtained
using the associated software (Axiovision 4.8.2; Carl Zeiss).
Slides of tissue from control and experimental interventions
were imaged at the same time using the same control slide
to normalize the intensity of staining.

Fluorescence Intensity Measurements for Human
JCT Region and Mouse TM Region

Quantification of fluorescence was performed using a previ-
ously established methodology.13,25–27 Briefly, for human
tissue, the section stained with secondary antibody only
was used to identify optimal exposure times for target ECM
proteins (Alexa Fluor 488, Thermo Fisher Scientific Inc.,
Waltham, MA) that would eliminate signal due to nonspe-
cific binding. These exposure times were used to image
fluorescence from the target protein in all other sections.
Three areas within the human JCT region were selected at
random for each section, and ImageJ (National Institutes of
Health, Bethesda, MD, USA) was used to calculate the aver-
age fluorescence in the 488 and 594 channels using a rect-
angle with consistent dimensions (0.40w × 1.20h).26 Simi-
larly, for the mouse TM region, the section only stained
with secondary antibody was used to identify optimal expo-
sure time for target ECM proteins (Alexa Fluor). Instead
of rectangles, circles with consistent dimensions (0.28w ×
0.28h) were used. This corresponded to an image area of
78.5 μm2. Fifteen areas within a single mouse TM region
were randomly selected but avoided areas of obvious arti-
factual punctate bright staining. Average fluorescence was
measured for N = 1. Sections from different mice were
sampled for additional N values.

Human TM Cell Culture/RNA and Protein
Extraction and Isolation

Human TM cells were isolated from dissected human TM
tissue explants derived from normal donors. All donor
tissues were obtained from regional eye banks and managed
according to the Declaration of Helsinki guidelines on
research involving human tissue and our institutional review
board. TM cells were isolated, propagated, and maintained
according to recent TM cell culture consensus guidelines.28

For maintenance, cells were in DMEM supplemented with
20% FBS, 1% L-glutamine (2 mM), and 0.1% gentamicin
(50 μg/mL). TM cultures were seeded in standard-sized
Petri dishes and grown to confluence at 37°C in 10% CO2.
Purified RNA and protein were extracted from CM and
CL from TM cell cultures following protocol for the IBI
DNA/RNA/protein extraction kit (IBI Scientific, Peosta, IA,
USA).
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TABLE 1. Primary and Secondary Antibodies Used for Immunoblot and Immunofluorescence in This Study

Primary Antibody Company Antibody Host Dilution

Immunoblot
MMPs

MMP-1 R&D Systems Mouse 1:1000
MMP-2 R&D Systems Mouse 1:1000
MMP-3 R&D Systems Goat 1:1000

MMP-9 R&D Systems Mouse 1:1000
ECM
Collagen I Novus Rabbit 1:1000
Collagen IV Abcam Rabbit 1:1000
Collagen VI Sigma-Aldrich Rabbit 1:1000
Fibronectin Sigma-Aldrich Mouse 1:1000
Laminin Sigma-Aldrich Mouse 1:1000

TIMPs
TIMP-1 Chemicon Rabbit 1:1000
TIMP-2 Cell Signaling Rabbit 1:1000
TIMP-3 R&D Systems Mouse 1:1000
TIMP-4 R&D Systems Goat 1:1000

Others
PAI-1 Cell Signaling Rabbit 1:1000
SPARC Haematologic Technologies Mouse 1:10,000

Immunofluorescence
ECM

Collagen I Rockland Rabbit 1:100
Collagen IV EMD Millipore Rabbit 1:100
Collagen VI Sigma-Aldrich Rabbit 1:100
Fibronectin Abcam Rabbit 1:100
Laminin EMD Millipore Rabbit 1:100

Others
SPARC R&D Systems Goat 1:500

Secondary Antibody Company Dilution
Immunoblot
IRDye 680 anti-mouse Rockland 1:10,000
IRDye 680 anti-rabbit Rockland 1:10,000
IRDye 680 anti-goat Rockland 1:10,000
IRDye 800 anti-mouse Rockland 1:10,000
IRDye 800 anti-rabbit Rockland 1:10,000

Immunofluorescence
Goat anti-goat 488 Thermo Fisher 1:200
Goat anti-rabbit 488 Thermo Fisher 1:200
Goat anti-goat 594 Thermo Fisher 1:200
Goat anti-rabbit 594 Thermo Fisher 1:200

Immunoblotting

CM from primary TM cell cultures were harvested. The CLs
from primary TM cell cultures were lysed in 1× radioim-
munoprecipitation assay buffer (150 mM NaCl, 1% Igepal,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
[SDS], 50 mM Tris-HCl, pH 8.0) and collected. Equal amounts
of total protein from CM and CL were mixed with 6× reduc-
ing buffer to a total of 36 μL. The solution was boiled for 5
minutes to denature the proteins. Then, 30 μL of each sample
was loaded in 10% polyacrylamide gels for electrophoresis.
SDS-PAGE was run at 150 V in tank buffer (25 mM Tris-
HCl, 250 mM glycine, 0.1% SDS). The separated proteins
were then transferred to a nitrocellulose membrane with a
0.46-μm pore size in blotting buffer (250 mM Tris-HCl, 192
mM glycine, and 10% methanol). The membrane was incu-
bated for 1 hour in 0.5× blocking buffer at RT and treated
with primary antibody overnight at 4°C. Antibodies to MMP-
1, MMP-2, MMP-3, and MMP-9 detected the active forms of
the matrix metalloproteinases. The next day, the membrane
was washed three times for 10 minutes each wash in TBS-
T (50 mM Tris-HCl, 150 mM NaCl, 0.05% Tween-20). The

secondary antibody, IRDye 800–conjugated IgG, was added
for 1 hour at RT. The membrane was once again washed
three times for 10 minutes each wash. The membrane was
scanned for analysis of band density via the Odyssey Li-Cor
System (Odyssey DLx Imaging System LI-COR Inc., Lincoln,
NE).

Zymography

CM from primary TM cell cultures were harvested. Equal
amounts of total protein from CM were mixed with 6×
nonreducing buffer to a total of 36 μL. Then, 30μL of each
sample was loaded in 10% polyacrylamide gels for elec-
trophoresis. During casting of gels, gelatin (2%) for MMP-2 or
β-casein (2%) for MMP-1 was mixed into liquid acrylamide.
Samples were run at 150 V in tank buffer (25 mM Tris-HCl,
250 mM glycine, 0.1% SDS). The gels were incubated with
2.5% Triton X-100 (renaturing buffer) at RT, then transferred
to enzyme assay buffer (50 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 5 mM CaCl2, 0.02% Brij35, 0.05% NaN3) overnight at
37°C. The next day, gels were stained with 0.1% Coomassie
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Brilliant Blue G-250 (Bio-Rad, Hercules, CA, USA) for at least
3 hours and were then destained with fixing/destaining solu-
tion until clear bands were visible and contrasted well with
the blue background. The gel was scanned for analysis of
band density via the Odyssey Li-Cor System. The MMPs were
identified based on their molecular weights and confirmed
against purified MMP-1 and MMP-2 (Chemicon, Temecula,
CA, USA) as positive controls.

cDNA Synthesis

In total, 500 ng RNA was added to 500 ng oligo(dT) and
RNase-free water sufficient to equal a total volume of 10 μL.
The mixture was heated at 65°C for 5 minutes to denature
the RNA. Then, 1 μL of dNTP, 1 μL of reverse transcriptase,
1 μL of primer, 10 μL of M-MLV reaction mix, and 27 μL of
RNase-free water were added into the mixture. The reaction
mixture was incubated at 42°C for 1 hour to synthesize cDNA
and then used for qPCR.Otherwise, the mixtures were stored
at −20°C.

Quantitative RT-PCR

A mixture of 7 μL RNase-free water, 10 μL SYBR green reac-
tion mix, 2 μL target forward and reverse primers, and 1 μL
sample cDNA were added to each well of the PCR plate.

Each combination of target primers and sample cDNA was
run in triplicate. The plate was run using a StepOnePlus
Real-Time PCR (Thermo Fisher Scientific Inc., Waltham, MA)
machine. Experimental gene levels were normalized to the
housekeeping gene (β-actin) using the 2−��Ct method.

Statistical Analysis

Paired two-tailed Student’s t-tests were performed using
Microsoft Excel (Microsoft, Redmond, WA, USA) and Graph-
Pad Prism version 6.00 for Windows (GraphPad Software, La
Jolla, CA, USA). P < 0.05 was considered statistically signif-
icant. Average percentage change from control, standard
deviation, and significance calculations were conducted.

RESULTS

Effect of shRNA-Induced SPARC Suppression on
Mouse IOP

Suppression of SPARC with Lenti-shSPARC significantly
decreased the IOP in mouse eyes compared to those
injected with Lenti-shControl from days 6 to 20 postinjec-
tion (Fig. 1A). There was approximately a 20% decrease
in IOP for mice injected with Lenti-shSPARC compared to
the IOP of uninjected eyes (Fig. 1B) from days 6 to 24

FIGURE 1. Effect of SPARC suppression on mouse IOP: IOP measurement (A) and percent change (B) (compared to paired uninjected
eyes) in mice after Lenti-shSPARC or Lenti-shControl treatment. There was a significant decrease of IOP in eyes treated with Lenti-shSPARC
compared to the IOP of eyes treated with Lenti-shControl from days 6 to 20 postinjection.
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FIGURE 2. Representative immunolabeling of ECM proteins after infection with Lenti-shControl and Lenti-shSPARC (in vivo): collagen I (A),
collagen IV (B), and collagen VI (C) and fibronectin (E) decreased in response to Lenti-shSPARC, but laminin (D) was unchanged. SPARC
was detected in S- due to the partial suppression of SPARC by Lenti-shSPARC. The secondary only staining (F) is shown as a negative control.
Scale bar: 40 μm. Control, Lenti-shControl; S-, Lenti-shSPARC; SC, Schlemm’s canal; TM, trabecular meshwork. Magnification 40×.

postinjection. There was no significant difference between
the IOPs of eyes that received the Lenti-shControl and the
uninjected control eyes (P > 0.05).

Immunohistochemistry (IHC) of the mouse eye sections
revealed that SPARC was decreased −38.6% ± 15.6% by

Lenti-shSPARC infection (Fig. 2 and Table 2) compared to
uninjected eyes. In these mouse sections, fibronectin and
collagen I, IV, and VI were decreased compared to Lenti-
shControl (Fig. 2 and Table 2). Laminin was not affected
(Fig. 2 and Table 2).
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TABLE 2. Fluorescence Intensity Measurements of ECM and SPARC
Proteins in the TM Region Following Injection of Lenti-shSPARC in
Mice

Lenti-shSPARC

% Change, Mean ± SD n P Value

SPARC −38.6 ± 15.6 5 0.0007*

Collagen I −22.3 ± 14.3 3 0.004*

Collagen IV −21.1 ± 12.3 3 0.003*

Collagen VI −19.0 ± 7.4 3 0.002*

Fibronectin −15.3 ± 8.2 3 0.03*

Laminin −2.3 ± 8.7 3 0.71

The percent (%) change in Lenti-shSPARC treatment was normal-
ized with Lenti-shControl. The arbitrary fluorescence unit from the
ImageJ software was used. SPARC, fibronectin, and collagen I, IV,
and VI in the TM region of mouse eyes were decreased with Lenti-
shSPARC injection.

* Statistically significant.

Effect of SPARC Suppression in Perfused Human
Anterior Segments

Ex vivo experiments were carried out with three pairs of
donor eyes 59, 62, and 71 years of age without any ocular or
infectious diseases. Suppressing SPARC with Lenti-shSPARC
significantly decreased the IOP in human anterior segments
compared to the IOP in those treated with Lenti-shControl
beginning 96 hours postinfection (P = 0.008) through the
end of the measured time (i.e., 125 hours; Fig. 3). Histologic
review of random sections following similarly published
protocols did not reveal any obvious changes in TM cellu-
larity to warrant more formal studies to assess any change
in TM cellularity as a possible confounding cause for the
IOP-lowering effect (Fig. 4).29,30 There were no grossly obvi-
ous anatomic changes visible on microscopy of the anterior
chamber angles.

Effect of SPARC Suppression on ECM Proteins in
Perfused Human Anterior Segments

After completion of perfusion, IHC of the anterior segments
revealed that SPARC was decreased −33.6% ± 9.7% by Lenti-
shSPARC infection (Fig. 5 and Table 3) in the JCT region.
In these segments, collagen I, IV, and VI were decreased
compared to Lenti-shControl (Fig. 5 and Table 3). Fibronectin
and laminin were unaffected (Fig. 5 and Table 3).

Effect of SPARC Suppression on ECM, MMP, and
TIMP Protein Levels and MMP Activity in Human
TM Cells

In the conditioned media, SPARC protein was suppressed
by Lenti-shSPARC at MOI 50 (P < 0.0001) compared to
Lenti-shControl (NS) treated TM cells (Fig. 6). Suppression
of SPARC decreased collagen I, collagen IV, and fibronectin
but did not change laminin protein levels compared to
Lenti-shControl (Table 4). Lenti-shSPARC also decreased
MMP-2 levels and TIMP-1 levels and increased MMP-3
levels compared to Lenti-shControl; MMP-1 and MMP-9 as
well as TIMP-2 through TIMP-4 were unchanged (Fig. 6
and Table 4). The net effect of the MMP and TIMP
protein changes was a decrease of MMP-1 activity (Table 5
and Fig. 7).

Effect of SPARC Suppression on the Relative
Levels of ECM, MMP, TIMPs, and PAI-1
Transcripts in Human TM Cells

Following Lenti-shSPARC or Lenti-shControl infection, the
human TM cells showed no significant changes in any
ECM mRNAs (Table 6). Additionally, there were no signif-
icant changes in any MMPs or TIMP mRNAs. However,

FIGURE 3. IOP of the perfused human anterior chamber segments: the segments treated with Lenti-shSPARC had a lower IOP beginning at
hour 96 following treatment compared to segments that received Lenti-shControl (n = 3, P = 0.008 at hour 96; P < 0.01 for all time points
from hours 96 through 125).
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FIGURE 4. Representative hematoxylin and eosin stained sections of the perfused human anterior chamber segments treated with either
Lenti-shControl or Lenti-shSPARC: there was no apparent qualitative difference in the cellularity of TM tissues infected. Scale bar: 20 μm.
CB, ciliary body; Control, Lenti-shControl; SC, Schlemm’s canal; ShSPARC, Lenti-shSPARC; TM, trabecular meshwork. Magnification 40×.

Lenti-shSPARC upregulated PAI-1 mRNA by 2.89 ± 1.14-fold
(P = 0.0096) compared to that of Lenti-shControl treatment
(Table 6).

DISCUSSION

The goal of these studies was to investigate the physiologic
impact of SPARC suppression in multiple model systems and
ascertain structural correlations. We found that inhibiting
SPARC in adult mice (in vivo) and adult human tissue (ex
vivo) lowered IOP, providing preclinical proof of concept
that inhibiting SPARC may be a reasonable therapeutic target
to lower IOP.

We understand that there are limitations to using IHC
stains to quantify our data. IHC stains are not standard-
ized worldwide, and selectively choosing areas of interest
can lead to selection bias. However, structurally, there was a
consistent decrease of collagen I and IV in the immunohis-
tochemical analysis of mouse eyes, ex vivo perfused human
cadaveric anterior segments, and cultured TM cells. More-
over, collagen I and IV were increased in ex vivo perfused
human cadaveric anterior segments and cultured TM cells
when SPARC was overexpressed (SPARC overexpression
in mice has not been reported).13 Collectively, these data
strongly implicate collagen I and IV as the key structural
ECM proteins mediating the effects of SPARC. In the JCT
TM, collagen IV is one of the principal components of the
basement membrane in addition to fibronectin and
laminin.31 Glucocorticoid-induced POAG causes an increase
in collagen IV along with an associated increase in IOP.32

Mutated collagen I in mouse TM has also been shown
to decrease ECM turnover and increase IOP.33 Two single-
nucleotide polymorphisms of collagen VI have been identi-
fied by a genome-wise association study of elevated IOP—
rs7599762 COL6A3, which was decreased, and rs2839082
COL6A1-COL6A2, which was increased.34 Whole-genome
sequencing identified COL6A3 in a large family with

POAG.35 Primary cultures of TM cells isolated from eyes with
glaucoma demonstrate an altered collagen VI distribution.35

The decrease in collagen I and IV seen in our experiments
correlates with increased TM outflow and is likely an impor-
tant contributor to decreased IOP by SPARC suppression.

In the current study, collagen VI was decreased in the
in vivo and ex vivo model systems (i.e., mice and perfused
human anterior segments) but not in vitro. The difference
seen in vitro may be related to the different environments
between isolated cell culture instead of in situ with the
surrounding tissue, ECM, and so on. With SPARC overex-
pression, collagen VI was increased, but only in cultured
TM cells, and was unaffected in the IHC of perfused human
anterior segments. Collagen VI is a significant component of
the basement membrane of the JCT and is in greater quan-
tities in glaucomatous eyes compared to normal eyes.36 The
decrease in collagen VI by SPARC suppression suggests a
role in decreasing IOP.

Fibronectin decreased in TM cells and mouse eyes in
response to SPARC suppression but did not change in
perfused human anterior segments; when SPARC is overex-
pressed, fibronectin increases in both cultured TM cells and
perfused human anterior segments.13 Given fibronectin’s
important role in ECM assembly and IOP in TM, fibronectin
likely plays a vital role in SPARC’s effect on IOP.37

Laminin was not changed by SPARC suppression in any
of our in vitro, ex vivo, or in vivo models; SPARC overex-
pression increased laminin only in cultured TM cells, indi-
cating that laminin, although an important feature of the
incomplete basement membrane within the JCT region, is
not likely altered by SPARC.31

The mechanistic pathways by which SPARC mediates
expression of ECM proteins in the TM is not fully eluci-
dated. The mRNA levels of these ECM proteins were not
changed in response to SPARC suppression, indicating that
the mechanism is not a simple decrease in production.
SPARC may act as a chaperone (i.e., a posttranslational
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FIGURE 5. Representative immunolabeling of ECM proteins after infection with Lenti-shControl or Lenti-shSPARC of perfused human anterior
chamber segments (ex vivo): collagen I (A), collagen IV (B), and collagen VI (C) were decreased, but fibronectin (D) and laminin (E) were
not changed. SPARC was detected in S- due to the partial suppression of SPARC by Lenti-shSPARC. The secondary only staining (F) is
shown as a negative control. Scale bar: 20 μm. Control, Lenti-shControl; S-, Lenti-shSPARC; SC, Schlemm’s canal; TM, trabecular meshwork.
Magnification 40×.

control to stabilize ECM proteins or mRNA, allowing for
selective accumulation).38 In TM pathways, maintenance of
MMP and TIMP balance influences aqueous drainage and

IOP. Perfusing MMP-2, MMP-3, or MMP-9 through human
anterior segments increases outflow facility.39 In cultured
TM cells, SPARC suppression resulted in decreased MMP-
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TABLE 3. Fluorescence Intensity of ECM and SPARC Proteins in
the JCT Region From IHC of Perfused Human Anterior Chamber
Segments After Injection of Lenti-shSPARC

Lenti-shSPARC

% change, Mean ± SD n P Value

SPARC −33.6 ± 9.7 5 0.00005*

Collagen I −32.2 ± 10.6 5 0.0001*

Collagen IV −25.51 ± 15.3 5 0.006*

Collagen VI −29.0 ± 7.4 5 0.00002*

Fibronectin −5.3 ± 21.2 5 0.59
Laminin −1.0 ± 15.1 5 0.91

The percent (%) change in Lenti-shSPARC treatment was normal-
ized with Lenti-shControl. Arbitrary fluorescence units from the
ImageJ software were used for the data. SPARC and collagen I, IV,
and VI were decreased.

* Statistically significant.

2 and TIMP-1 as well as an increase in MMP-3. Neither
MMP nor TIMP transcript levels were affected by SPARC
suppression. The selective change in MMP and TIMP levels
with SPARC suppression suggests a qualitative change in
JCT ECM composition rather than an overt decrease in ECM
content. We did not see a significant change in expres-
sion of MMP-1 or MMP-9. By zymography, the net effect
of decreased levels of both MMP-2 and TIMP-1 was the
absence of change in MMP-2 activity; TIMP-1 is both an acti-
vator and inhibitor of pro-MMP-2.40 Paradoxically, zymog-
raphy demonstrated a decrease of MMP-1 activity. This

TABLE 4. Percent Change (%) of the Protein Levels of Selected
MMPs and TIMPs Following SPARC Suppression in TM Cell Culture
Conditioned Media Relative to Lenti-shControl

shSPARC, Mean ± SD n P Value

ECM
Collagen I −44.20 ± 19.00 3 0.016*

Collagen IV −74.00 ± 7.00 3 0.0004*

Fibronectin −20.00 ± 1.90 3 0.003*

Laminin −2.00 ± 11.00 3 0.75
MMPs

MMP-1 26.75 ± 101.23 5 0.59
MMP-2 −59.94 ± 26.46 7 0.0004*

MMP-3 84.55 ± 122.31 8 0.046*

MMP-9 6.08 ± 39.57 7 0.37
TIMPs

TIMP-1 −34.19 ± 40.94 7 0.035*

TIMP-2 −0.63 ± 23.45 5 0.48
TIMP-3 −8.46 ± 16.65 5 0.32
TIMP-4 12.36 ± 24.89 5 0.24

Others
PAI-1 79.80 ± 66.38 6 0.032*

Fibronectin, collagen I and IV, and MMP-2 and TIMP-1 were
decreased while MMP-3 and PAI-1 were increased.

* Statistically significant.

could be partially explained by the PAI-1 fibrinolytic path-
way, as will be discussed in the subsequent paragraph,41

but further investigation is needed. SPARC overexpression

FIGURE 6. Representative immunoblots demonstrating the relative changes of SPARC, MMPs, and TIMPs induced by SPARC suppression
using the lentivirus-expressing shRNA (S-) in TM cells. (A) In the conditioned media, MMP-2 was decreased by −59.94% ± 26.46%, TIMP-1
was decreased by −34.19% ± 40.94%, and MMP-3 was increased by 84.55 ± 122.31%. Expression of PAI-1 was also increased by 79.79 ±
66.38%. Immunoblots demonstrating relative changes in the levels of selected ECM proteins induced by SPARC suppression in the cell media
of TM cells (B) as well as the cell lysate (C). ND, not detected.
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TABLE 5. Percent Change (%) in the Activity of Selected MMPs
Following SPARC Suppression in TM Cells

MMP % Change vs. WT, Mean ± SD n P Value

MMP-1 −20.02 ± 16.95 6 0.03*
MMP-2 13.49 ± 28.90 6 0.3

As measured by zymography, MMP-1 activity was decreased.

FIGURE 7. Representative zymography demonstrating the rela-
tive changes of MMPs induced by SPARC suppression using the
lentivirus expressing shRNA (S-) in TM cells.

TABLE 6. Fold Changes of mRNA Levels of Selected ECM Proteins,
MMPs, and TIMPs Compared to Control Following Infection by
Lenti-shControl or Lenti-shSPARC

shSPARC, Mean ± SD n P Value

Matricellular
SPARC −1.68 ± 0.37 8 0.0005*

ECM
Collagen I −0.43 ± 0.23 8 0.09
Collagen IV 0.22 ± 0.33 8 0.52
Collagen VI −0.13 ± 0.16 8 0.45
Fibronectin −0.13 ± 0.14 8 0.38
Laminin 0.10 ± 0.07 8 0.21

MMPs
MMP-1 0.00 ± 0.48 5 0.99
MMP-2 −0.20 ± 0.33 5 0.25
MMP-3 0.06 ± 0.59 5 0.84
MMP-9 −0.04 ± 0.37 5 0.84

TIMPs
TIMP-1 −0.04 ± 0.37 5 0.84
TIMP-2 0.03 ± 0.34 5 0.85
TIMP-3 −0.37 ± 0.72 5 0.30
TIMP-4 0.13 ± 0.40 5 0.49

Others
PAI-1 0.95 ± 0.39 5 0.003*

SPARC mRNA was reduced (positive control) and PAI-1 mRNA
was increased.

decreased MMP-9 and concurrently increased TIMP-113; at a
higher viral titer to further increase SPARC expression, MMP-
1, MMP-3, and MMP-9 were decreased while TIMP-1 and
TIMP-3 increased. It is possible that the SPARC suppression
caused the observed decrease of fibronectin and collagen
IV through increased MMP-3 activity; fibronectin and colla-
gen IV are primary substrates for MMP-3 (stromelysin 1).42

Previously, we showed that TM cells also express MMP-11,
MMP-12, MMP-14, MMP-15, MMP-16, MMP-17, MMP-19, and
MMP-2443; it is also possible that some of the other MMPs
could also be affected by SPARC. Lack of SPARC in mice liver
cells is associated with an increase in hepatic MMP-2 expres-
sion, indicating a similar effect on MMP-2 in other tissues.44

Experiments specifically designed to explore the molec-
ular mechanisms by which SPARC exerts its effect are forth-

coming and beyond the scope of the article. However, it does
not appear that SPARC alters the aforementioned structural
ECM proteins through alterations of transcription as we did
not find any differences in relative levels of mRNA resulting
from SPARC suppression.

Suppressing SPARC increased PAI-1 at the mRNA and
protein levels; paradoxically, SPARC overexpression also
increased PAI-1.13 PAI-1 is an inhibitor of tissue plasmino-
gen activator (tPA), a serine protease observed in the TM,
corneal endothelium, and vascular endothelium of human
eyes45 that catalyzes the conversion of plasminogen to plas-
min. Plasmin catalyzes the conversion of MMP-1, MMP-
2, and MMP-9 to their active form.46 tPA deficiency in
mice is associated with reduced outflow facility and a
decrease in MMP-9.47 Additionally, SPARC’s inducing effect
on PAI-1 has been implicated in other tissues, including
the lungs48 and prostate.41 It has also been shown that
TGF-β2 causes an increase in PAI-1 production in human
and bovine TM cells,49,50 as well as human prostate cells.51

TGF-β2 is upregulated in glaucomatous eyes16,18 and also
increases SPARC production.20 In this study, shSPARC was
associated with a significant increase in PAI-1 mRNA and
protein levels in vitro, suggesting increased tPA inhibition
and corresponding to the significant decrease in MMP-2
protein level. The seemingly paradoxical activity of PAI-
1 has been observed before; in fibrosis, increasing PAI-
1 inhibits urokinase-type/tissue-type plasminogen activator,
plasmin, and plasmin-dependent MMPs, which generally
causes increasing fibrosis and is implicated in pathology
of the heart, lung, kidney, liver, and skin.52 However, PAI-
1 deficiency promotes spontaneous cardiac-selective fibro-
sis.52 Our observations of PAI-1 increasing in response to
both SPARC overexpression and suppression in TM are anal-
ogous to what has been observed in the heart.

These findings, in conjunction with our prior work
regarding SPARC overexpression,13 lead to a set of conclu-
sions regarding the impact of SPARC on various ECM compo-
nents and regulators within the TM (Table 7). Overexpres-
sion of SPARC increases IOP in perfused human anterior
segments,13 transgenic deletion of SPARC in mice leads to
lower IOPs than in WT mice,11 and we report in this study
that suppressing SPARC lowers IOP in perfused human ante-
rior segments and in WT mice; SPARC regulates IOP. In TM
cells, collagen I and IV consistently and directly correlate to
SPARC levels (Table 7), but this is not regulated by COL1 or
COL4 gene expression. TIMP-1 roughly correlates to SPARC
levels as well (Table 7). The effect of SPARC on pro-MMP
and TIMP levels and on the MMP/TIMP balance determining
MMP activity is not yet fully elucidated. To date, the effect of
overexpressed SPARC in WT mice has not been published,
nor has the zymographic effect on MMP activity, which limits
the ability to compare effects across all three model systems.

ECM deposition and turnover are likely regulated by
several mechanistic pathways. We have previously shown
that SPARC regulates IOP through a coordinated response
involving increased levels of certain ECM proteins in
conjunction with a selective decrease of enzymatic activ-
ity, resulting in qualitative changes in the JCT ECM. The
results within this report, along with our previous observa-
tion that SPARC−/− mice have a lower IOP and enhanced
aqueous outflow, strongly implicate a regulatory role for
SPARC in IOP. Work is ongoing to determine the upstream
and downstream signaling pathways for SPARC in TM as well
as the mechanism responsible for these qualitative changes
in the JCT ECM. Furthermore, high-intensity staining around
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TABLE 7. Directional Comparison of Relative Transcript and Protein Levels Expressed in Primary Cultured Human TM Cells Following SPARC
Overexpression (adSPARC)13 and SPARC Suppression (shSPARC)

adSPARC shSPARC

mRNA Protein Zymography mRNA Protein Zymography

Matricellular
SPARC Up Up Down Down

ECM
Collagen I NC Up NC Down
Collagen IV NC Up NC Down
Collagen VI NC NC NC Down
Fibronectin NC NC NC NC
Laminin NC NC NC NC

MMPs
MMP-1 NC NC NC NC Down
MMP-2 NC NC NC Down NC
MMP-3 NC NC Up
MMP-9 Down Down NC NC

TIMPs
TIMP-1 Up NC Down
TIMP-2 NC NC NC
TIMP-3 NC NC NC
TIMP-4 NC NC NC

Others
PAI-1 Up Up Up

NC, no change.

Schlemm’s canal cells and in collecting channels (data not
shown) was observed; it is possible that SPARC may play a
role in regulating the resistance beyond the JCT region and
is an area of possible future study. Our work demonstrates
that SPARC suppression could be pursued as a novel thera-
peutic target for the treatment of POAG.
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