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Abstract. Secreted protein acidic and rich in cysteine
(SPARC) may play a notable role in aqueous humor outflow
through the trabecular meshwork (TM). SPARC is a potential
therapeutic target in glaucoma, and the mechanism by which
it regulates intraocular pressure remains unclear. The present
study aimed to observe the effects of SPARC in human TM
cells (HTMCs) in vitro. SPARC was downregulated by recom‑
binant lentiviral vectors in HTMCs, and the subsequent levels
of F‑actin expression, zonula occludens‑1 (ZO‑1) expression
and cellular phagocytosis were observed and calculated. It
was revealed that after 48 h of culture, the expression levels of
SPARC, F‑actin and ZO‑1 were significantly decreased in the
lentivirus group compared with those in the blank control and
empty vector control groups. The downregulation of SPARC
promoted phagocytosis in HTMCs after 24 or 48 h of culture.
This indicated that the downregulation of SPARC decreased
the expression levels of the cytoskeleton‑associated proteins
F‑actin and ZO‑1, promoted phagocytosis in HTMCs and may
affect the outflow of aqueous humor via the TM pathway.
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Introduction
Glaucoma is a leading cause of irreversible blindness world‑
wide, and its prevalence increases with age. In 2013, the global
prevalence of glaucoma for people aged 40‑80 years was
3.54%, and the number of people in this age range with glau‑
coma worldwide was estimated to be 64.3 million, increasing to
76.0 million in 2020 and 111.8 million in 2040 (1). Intraocular
pressure (IOP) is a notable modifiable risk factor that depends
on the balance of aqueous humor production and outflow, and
it is thought that prolonged IOP elevation leads to optic nerve
damage. However, the existing treatments to control IOP,
including anti‑glaucoma medication, laser therapy and surgery,
cannot meet clinical needs. In 2010, 2.1 million people went
blind and 4.2 million people were visually impaired due to
glaucoma around the world (2).
Secreted protein acidic and rich in cysteine (SPARC),
also known as osteonectin or BM‑40, is a promising matri‑
cellular protein that is involved in glaucoma and functions
primarily to promote extracellular matrix (ECM) deposi‑
tion (3). In human eyes, it is distributed throughout the
trabecular meshwork (TM), with pronounced expression
in the juxtacanalicular tissue (JCT) (3). Research indicates
that, in porcine TM cells, SPARC is one of the most highly
upregulated genes following mechanical stretching (4), while
IOP drops by 15‑20% in SPARC‑null mice (5). In addition,
elevated SPARC expression has been found in the iris of
patients with primary open angle glaucoma (POAG) (6).
Together, these indicate that SPARC could be involved in
POAG, potentially by compromising IOP regulation. SPARC
is a potential therapeutic target, and the mechanism by which
it regulates IOP remains to be clarified.
Physiologically, the TM mediates major aqueous humor
outflow and maintains the IOP. Previous research indicates
that the remodeling of the TM cellular cytoskeleton and ECM
metabolism has significant effects on the regulation of IOP
within TM tissues (7,8). The present study hypothesized that
SPARC could regulate the expression of cytoskeleton‑asso‑
ciated proteins and cytoskeletal rearrangement in TM cells,
and in turn affect cell‑ECM interactions, just as it does in
some other tissues (9,10). To test this hypothesis, the regula‑
tion of SPARC was observed with regard to F‑actin, zonula
occludens‑1 (ZO‑1) and phagocytosis in human TM cells
in vitro in the present study.
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Materials and methods
Cell culture and identification. Primary human TM cells
(cat. no. 634K‑05a; Cell Applications, Inc.) were stored in
liquid nitrogen (‑196˚C). Following resuscitation, the cells were
cultured in Dulbecco's modified Eagle's medium (DMEM)
(cat. no. 11966025; Gibco; Thermo Fisher Scientific, Inc.)
containing 10% fetal bovine serum (FBS; cat. no. SH30084.03,
HyClone; Cytiva) at 37˚C in a 5% CO2 cell incubator and TM
cells from passages 3‑4 were used for subsequent experiments.
Glucocorticoid induction of myocilin (MYOC) is a method
to identify TM cells (11). TM cells were seeded at a density
of 1x105 cells per well in six‑well culture plates and allowed
to attach at 37˚C overnight. The medium was changed the
next day for fresh medium containing 100 nM dexamethasone
(cat. no. D1756‑25MG; MilliporeSigma) or vehicle control
(1% ethanol), and the cells were incubated at 37˚C for another
5 days (11,12). Subsequently, the cells were harvested and
total RNA was extracted. The expression level of the MYOC
gene was determined in each sample using reverse transcrip‑
tion‑quantitative PCR (RT‑qPCR). GAPDH was used as the
internal control.
Construction of SPARC suppressor gene‑containing lenti‑
viral vectors. Viral vectors were constructed using 293T cells
(cat. no. CRL‑11268; American Type Culture Collection). The
293T cells were cultured at 37˚C in Opti‑MEM (cat. no. 31985;
Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10%
FBS.
TM cells were infected with different titers [multiplicity
of infection (MOI) 0, 20, 50 and 100] of empty control
lentiviruses to assess infection efficiency. The infected
cells were observed and counted under light (cat. no. CX43;
Olympus Corporation; magnification, x200) and fluorescence
microscopy (cat. no. IX51; Olympus Corporation; magnifica‑
tion, x200).
The whole sequence of SPARC was acquired from
The National Center for Biotechnology Information
database (accession no. NM_003118.3, ncbi.nlm.nih.
gov/genome/gdv/browser/gene/?id=6678). The oligonucle‑
otides were designed by Virus Lab of Jiao Tong University
(Shanghai, China). Three pairs of oligonucleotides were
designed and synthesized according to the sequence of
SPARC before annealing. The annealed products were
cloned into the empty vector PDS134_pL_shRNA_mKate2
(Shanghai Nuobai Biotechnology Co., Ltd.). Thus, three
interfering vectors were obtained, including pL_shRNA_
mKate2‑SPARC‑543, pL_shRNA_mKate2‑SPARC‑582 and
pL_shRNA_mKate2‑SPARC‑347 (Table I). The sequences of
these vectors were confirmed by Single Molecule Real‑Time
sequencing (PacBio Sequel; Pacific Biosciences of California).
Subsequently, the 293T cells were co‑transfected with the
three types of interfering lentiviral vectors separately and the
ratio of the lentiviral vector plasmid and packaging plasmid and
envelope plasmid was 3:2:1. Lentiviruses were produced using
a second‑generation packaging system (13). Briefly, 6x106 293T
cells were plated in a 15‑cm dish and transfected with 9 µg
Packaging Mix (cat. no. K4975‑00; Invitrogen; Thermo Fisher
Scientific, Inc.), 3 µg transfer plasmid and 36 µl Lipofectamine
2000 (cat. no. 11668019; Invitrogen; Thermo Fisher Scientific,

Inc.), which were combined in 5 ml Opti‑MEM. The transfec‑
tion mix was removed once cells were cultured for 6 h at 37˚C
and fresh Opti‑MEM supplemented with 10% FBS was added.
Virus‑containing medium was collected at 48 h post‑transfec‑
tion. Subsequently, the collected medium was filtered through
a cellulose acetate membrane (pore size, 0.45 mm). The viral
stock was collected and concentrated via ultracentrifugation
(82,700 x g for 2 h at 4˚C). Viral titers were measured using
flow cytometry (On‑Chip Sort; On‑chip Biotechnologies Co.,
Ltd.).
TM cells were infected with the three types of packaged
lentiviruses at an MOI of 50. After 24 h of incubation, the
infection efficiency was determined by fluorescence micros‑
copy. The relative expression of SPARC mRNA in TM cells
after viral infection were determined using RT‑qPCR, as
aforementioned.
mRNA and protein expression levels of SPARC, F‑actin and
ZO‑1 following downregulation of SPARC. TM cells at a
confluence of ~80% were selected for this test. The culture
medium was removed, and the cells were rinsed with PBS
(25X; cat. no. ab64026; Abcam) twice before exposure to
serum‑free DMEM. The cells were then divided into three
groups: i) The blank control group (HTMC group); ii) the
empty vector negative control (NC) group (HTMC‑NC group),
in which target cells were infected with the NC lentivirus
(PDS134_pL_shRNA_mKate2); and iii) the lentivirus group
(HTMC‑SPARC group), in which target cells were infected
with pL_shRNA_mKate2‑SPARC‑543 lentivirus, which
demonstrated the greatest efficiency. After 48 h of culture
at 37˚C, the mRNA levels of SPARC, F‑actin and ZO‑1 were
determined using RT‑qPCR. The protein levels of SPARC,
F‑actin and ZO‑1 were determined using western blotting.
GAPDH was used as the internal control.
Escherichia coli phagocytosis experiment in TM cells. TM cells
at a confluence of ~50% were selected for this test. The culture
medium was removed, and the cells were rinsed with PBS twice
before exposure to DMEM containing 10% FBS. The cells were
then divided into 3 groups: HTMC group, the HTMC‑NC group
and the HTMC‑SPARC group. Subsequently, 0.1 ml inactivated
Escherichia coli suspension (1.6x109 CFU/ml) was added to the
cells. After culture for another 24 or 48 h, the culture medium
was removed and the cells were rinsed with PBS twice before
extraction of RNA. RT‑qPCR was used to determine the expres‑
sion of bacterial 16S RNA in the cells to evaluate phagocytosis,
as aforementioned.
RT‑qPCR. Human TM cells were harvested and total RNA was
extracted. The expression levels of MYOC, GAPDH, SPARC,
ZO‑1, F‑actin, and 16S were detected. Total RNA was extracted
using TRIzol® (cat. no. 15596018; Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions. A
SuperScript First‑Strand Synthesis system (cat. no. 11904‑018;
Invitrogen; Thermo Fisher Scientific, Inc.) was used for RT.
Each reaction contained 0.5 µl random primers (0.2 µg/µl) and
1.0 µl SuperScript III reverse transcriptase (200 U/µl). The
specific primers used are listed in Table II. qPCR was performed
using the SYBR® Premix Ex Taq (cat. no. RR420L; Takara Bio,
Inc.). The thermocycling conditions were as follows: Initial
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Table I. Construction of SPARC suppressor gene‑containing lentiviral vectors.
shRNA
pL_shRNA_mKate2‑SPARC‑543
Forward
Reverse
pL_shRNA_mKate2‑SPARC‑582
Forward
Reverse
pL_shRNA_mKate2‑SPARC‑347
Forward
Reverse

Sequences (5'‑3')
CACCGGATGAGGACAACAACCTTCTCGAAAGAAGGTTGTTGTCCTCATCC
AAAAGGATGAGGACAACAACCTTCTTTCGAGAAGGTTGTTGTCCTCATCC
CACCGCGGGTGAAGAAGATCCATGACGAATCATGGATCTTCTTCACCCGC
AAAAGCGGGTGAAGAAGATCCATGATTCGTCATGGATCTTCTTCACCCGC
CACCGCCAGGTGGAAGTAGGAGAATTCGAAAATTCTCCTACTTCCACCTGG
AAAACCAGGTGGAAGTAGGAGAATTTTCGAATTCTCCTACTTCCACCTGGC

shRNA, short hairpin RNA; SPARC, secreted protein acidic and rich in cysteine.

denaturation at 95˚C for 2 min; denaturing at 95˚C for 10 sec;
annealing at 60˚C for 30 sec and polymerization at 70˚C for
45 sec. A total of 40 PCR cycles was performed. PCR was
performed using a CFX96 Touch Real‑Time PCR Detection
system. Gene expression was determined as the ratio of relative
optical density of target gene to GAPDH. The 2‑ΔΔCq method
was utilized to measure PCR results (14).
Western blot analysis. Protein expression levels of SPARC,
F‑actin and ZO‑1 in TM cells were detected using western blot
analysis. The cells were lysed in lysis buffer (cat. no. P0013,
Beyotime Institute of Biotechnology) at 4˚C with phosphatase
and protease inhibitors (cat. no. P1045; Beyotime Institute of
Biotechnology). The lysis mixture was centrifuged at 4˚C for
10 min at 10,000 x g, and the supernatant containing cellular
proteins was utilized for subsequent experiments. The protein
concentration was measured using a BCA kit. Proteins were
separated using SDS‑PAGE (10% gel; 40 µg/lane; 120 V). The
separated proteins were then transferred to polyvinylidene
fluoride membranes (100 V for 120 min; cat. no. FFP24;
Beyotime Institute of Biotechnology). The membranes were
blocked with 5% non‑fat milk at room temperature for 1 h and
incubated with anti‑SPARC (400 µl; cat. no. ab51399; Abcam;
1:1,000), anti‑ZO‑1 (50 µg; cat. no. ab59720, Abcam; 1:250),
or anti‑F‑actin (cat. no. ab205, Abcam; 1:1,000) primary
antibodies at 4˚C overnight. Membranes were washed with
Tris‑buffered saline containing 0.1% Tween‑20 and incubated
with horseradish peroxidase‑conjugated secondary antibodies
(goat anti‑chicken IgY, anti‑rabbit IgG and anti‑mouse IgM;
all 1:2,000; cat. nos. ab6877, ab6721 and ab47827; all Abcam)
at room temperature for 1 h. Membranes were incubated in
enhanced chemiluminescence solution (cat. no. P0018A;
Beyotime Institute of Biotechnology). Images were captured
on film (cat. no. FF057, Beyotime Institute of Biotechnology)
in a dark room. Experiments were repeated three times. Blot
images were quantified in greyscale using ImageJ (version
1.5.2; National Institutes of Health).
Flow cytometry to titrate lentiviral vectors. The cells were
seeded at a density of 5x104 cells/well in a 6‑well plate. At 24 h
post‑seeding, the number of cells was counted in two wells using
a hemacytometer. The medium in other wells was replaced with

0.5 ml fresh Opti‑MEM supplemented with 10% FBS containing
8 mg/ml polybrene. Next, the cells were transduced by adding
0.5, 5.0 and 50.0 ml aliquots vector stock/well and placed back in
the incubator at 37˚C. After 20 h, the medium was replaced with
2 ml fresh medium and incubated at 37˚C for another 2 days,
Then, the medium was removed and cells were washed with 1 ml
PBS. After that, 0.5 ml/well trypsin‑EDTA was added and the
cells were incubated at 37˚C for 2 min. Next, 1 ml medium was
added to each well and contents were mixed. The cell suspension
was transferred into a 5‑ml round‑bottomed tube and centrifuged
at 500 x g for 5 min at 20˚C. The medium was removed and
cells were resuspend in 2 ml Hank's balanced salt solution and
centrifuged at 500 x g for 5 min at 20˚C. Subsequently, Hank's
balanced salt solution was removed and the cells were resuspend
in 300 ml Hank's balanced salt solution. Then, the cells were
analyzed using a flow cytometer and titers were calculated (15).
Statistical analysis. All the experiments were repeated in trip‑
licate. The statistical analysis was performed using SPSS 19.0
software (IBM Corp.). Data are presented as the mean ± stan‑
dard deviation. Differences between two groups were measured
using Student's t‑test (paired). Differences among multiple
groups were measured using Student Newman Keuls test or
two‑way ANOVA followed by Tukey's post hoc. P<0.05 was
considered to indicate a statistically significant difference.
Results
MYOC expression after dexamethasone exposure. After
5 days of exposure to 100 nM dexamethasone, the TM cells in
the dexamethasone group exhibited a mean 7.62‑fold increase
in MYOC gene expression compared with those in vehicle
control group (Fig. 1). This indicated that the MYOC could
be induced by glucocorticoids in this commercial human TM
cell strain and that this cell strain met the needs of subsequent
experiments.
Construction of SPARC suppressor gene‑containing lentiviral
vectors. TM cells were infected with different titers (MOI 0,
20, 50 and 100) of empty control lentiviruses to assess infec‑
tion efficiency. It was revealed that 80.2 and 89.7% of TM cells
were infected with empty control lentiviruses at MOIs of 50 and
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Table II. Primers used in reverse transcription‑quantitative
PCR.
Primer
MYOC
Forward
Reverse
GAPDH
Forward
Reverse
SPARC
Forward
Reverse
ZO‑1
Forward
Reverse
F‑actin
Forward
Reverse
16S
Forward
Reverse

Sequence, 5'→3'
TACCGAGACAGTGAAGGCTG
TGTAGCTGCTGACGGTGTAC
CGTATTGGGCGCCTGGTCACC
GGGATGATGTTCTGGAGAGCCC
AGGAAACCGAAGAGGAGG
GCAAAGAAGTGGCAGGAA
TATTCACGCAGTTACGAGCAAG
AAGGTATCAGCGGAGGGACA
GTCACCAACTGGGACGACA
CACAGCCTGGATAGCAACG
CCGCATAATGTCGCAAGACC
TCAGACCAGCTAGGGATCGT

MYOC, myocilin; SPARC, secreted protein acidic and rich in
cysteine; ZO‑1, zonula occludens‑1.

100, respectively, which was satisfactory infection efficiency
for subsequent experiments, as revealed by non‑fluorescence
microscopy and fluorescence microscopy (Fig. 2A and B). To
avoid cell physiological dysfunction or death, MOI of 50 was
selected for subsequent experiments.
Three pairs of oligonucleotides were designed according
to the sequence of SPARC. The annealed products were
cloned into the empty vector PDS134_pL_shRNA_mKate2.
The 293T cells were co‑transfected with the three types of
interfering lentiviral vectors separately and lentiviruses were
produced using a second‑generation packaging system. The
fluorescence ratio was determined to calculate viral titers,
which were revealed to be similar among the three types of
lentiviruses (Table III).
Subsequently, TM cells were infected with the three types
of packaged lentiviruses at an MOI of 50. After 24 h of incuba‑
tion, the mean infection efficiency was 79.2, 82.1 and 74.0%
i n pL _ sh R NA _ m Kat e2 ‑ SPA RC‑543, pL _ sh R NA _
mKate2‑SPARC‑582 and pL_shRNA_mKate2‑SPARC‑347,
respectively, which were showed that all three lentiviruses
achieved satisfactory results, as revealed by fluorescence
microscopy (Fig. 3).
The relative expression levels of SPARC mRNA in
TM cells after viral infection were determined using
RT‑qPCR. The mean interference efficiency of pL_shRNA_
mKate2‑SPARC‑543, pL_shRNA_mKate2‑SPARC‑582 and
pL_shRNA_mKate2‑SPARC‑347 was 74.2, 36.0 and 62.5%,
respectively. The pL_shRNA_mKate2‑SPARC‑543 had a
significantly decreased expression level of SPARC compared

Figure 1. Expression levels of MYOC in HTMCs with or without dexa‑
methasone exposure. HTMCs were cultured with 100 nM dexamethasone
or vehicle control (1% ethanol), incubated for 5 days and then harvested for
total RNA. Expression levels of the MYOC gene were determined in each
sample using reverse transcription‑quantitative PCR. GAPDH was used as
the internal control. *P<0.05 vs. vehicle control group. DEX, dexamethasone;
MYOC, myocilin; HTMC, human trabecular meshwork cell.

with the NC; it was also the most efficient in interfering with
SPARC mRNA expression in human TM cells and, therefore,
it was used for subsequent experiments (Fig. 4).
Effects of SPARC downregulation on F‑actin and ZO‑1 expres‑
sion. The mRNA expression levels of SPARC, F‑actin and ZO‑1
were analyzed after 48 h of culture in the empty vector control
(HTMC‑NC) group, which was used to represent 100% expres‑
sion. The relative mRNA expression levels of SPARC, F‑actin
and ZO‑1 were 107, 118 and 93% in the blank control (HTMC)
group and 39, 52 and 52% in the lentivirus (HTMC‑SPARC‑543)
group, respectively. RT‑qPCR revealed that the mRNA expres‑
sion levels of SPARC, F‑actin and ZO‑1 were significantly lower
in the HTMC‑SPARC‑543 group compared with the levels in
the HTMC and HTMC‑NC groups (Fig. 5A).
The protein expression levels of SPARC, F‑actin and ZO‑1
were analyzed and the empty vector control (HTMC‑NC)
groups were used to represent 100% expression. The relative
protein expression levels of SPARC, F‑actin and ZO‑1 were
94, 95 and 110% in the blank control (HTMC) group and
34, 44 and 38% in the lentivirus (HTMC‑SPARC‑543) group,
respectively. The western blotting results also revealed that
the protein expression levels of SPARC, F‑actin and ZO‑1
were significantly lower in the HTMC‑SPARC‑543 group
compared with those in the HTMC and HTMC‑NC groups
(Fig. 5B and C). Overall, these results demonstrated that
downregulation of SPARC significantly decreased the expres‑
sion of F‑actin and ZO‑1.
Effects of SPARC downregulation on phagocytosis. Research
has indicated that phagocytosis in TM cells is active,
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Figure 2. Infection efficiency of different empty control lentiviruses titers. Trabecular meshwork cells were infected with different titers (MOI 0, 20, 50 and
100) of empty control lentiviruses to assess infection efficiency. Infected cells were (A) observed and (B) counted under non‑fluorescence microscopy and
fluorescence microscopy. Magnification, x200. MOI, multiplicity of infection.

especially in the uveal and corneoscleral meshwork (11).
Shirato et al (16) demonstrated that phagocytosis reached
half‑maximum at 40 h and maximum at 96 h in TM cells
in vitro; therefore 24 and 48 h were selected as observational
time points in the present study. An equal amount of inacti‑
vated Escherichia coli suspension was added to each group.
After 24 or 48 h of culture, the expression levels of bacte‑
rial 16S RNA in TM cells were detected by RT‑qPCR. The
expression of 16S RNA in the HTMC‑NC group after 5 min
of culture was used as a control to represent 100% expres‑
sion. Thus, the relative expression levels in the HTMC‑NC,
HTMC and SPARC‑543 groups were 278, 272 and 403%
after 24 h of culture, and 283, 274 and 421% after 48 h of
culture, respectively. The expression levels of 16S RNA were
significantly increased in the SPARC‑543 groups compared
with those in the HTMC‑NC and HTMC groups. However,
the expression of 16S RNA in these three groups did not
differ between 24 and 48 h of culture (Fig. 6). These results
indicated that SPARC downregulation significantly promoted
the phagocytosis of TM cells and that phagocytosis of TM
cells reached a peak within 24 h.
Discussion
IOP, as determined by the production, circulation and drainage
of aqueous humor, is the main risk factor for glaucoma. The
trabecular outflow pathway via which aqueous humor passes

through the TM into Schlemm's canal, known as the conven‑
tional outflow pathway, serves a key function in maintaining
the IOP. TM cells are the primary cell type that occupy and
form this outflow pathway, in coordination with the inner wall
of Schlemm's canal. Cellular dysfunction of TM cells results
in the generation of extra resistance that causes elevated IOP.
To ensure effective regulation of outflow resistance, TM tissue
has two primary responsibilities, namely, filtration and resis‑
tance generation (11). Accordingly, TM cells display different
morphologies and characteristics to support these two primary
responsibilities (11).
TM cells in the inner TM tissue, the uveal meshwork and
the corneoscleral meshwork have macrophage‑like activity
and act as professional endothelial cells. Phagocytosis is an
essential function of TM cells in this role (11). Notably, rapid
clearance of debris by the inner TM occurs prior to it reaching
into the deep TM where it could accumulate and disrupt resis‑
tance generation and regulation (11). Cultured TM cells and
TM cells in vivo are actively phagocytic, and this is an impor‑
tant part of maintaining a clean outflow filter (17). TM cell
phagocytosis changes in response to environmental changes.
A series of studies have indicated that TM cell phagocytosis
can be inhibited by dexamethasone (18), γ‑interferon (19),
epinephrine and cortisone (20), and that impaired TM cell
phagocytosis may be one of the pathogeneses of some types of
glaucoma. By contrast, promoting phagocytosis shows several
prospects for clinical application. The results of the present
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Table III. Fluorescence ratio of the three viral titers.
		
Virus
µl
pL_shRNA_mKate2‑SPARC‑543
pL_shRNA_mKate2‑SPARC‑582
pL_shRNA_mKate2‑SPARC‑347

1
1
1

Fluorescence ratio,
%

Viral titers,
TU/ml

100
90
80

2.0x108
1.8x108
1.6x108

shRNA, short hairpin RNA; SPARC, secreted protein acidic and rich in cysteine.

Figure 3. Transfection efficiency of the three types of lentiviruses. Trabecular meshwork cells were transfected with the three types of packaged lentiviruses
at a multiplicity of infection of 50. After 24 h of incubation, transfection efficiency was revealed to be desirable for all the three types of lentiviruses,
as revealed by fluorescence microscopy. Magnification, x200. 543, pL_shRNA_mKate2‑SPARC‑543 group; 582, pL_shRNA_mKate2‑SPARC‑582 group;
347, pL_shRNA_mKate2‑SPARC‑347 group; SPARC, secreted protein acidic and rich in cysteine; shRNA, short hairpin RNA.

study demonstrated that SPARC downregulation significantly
increased the phagocytosis of TM cells and contributed to
aqueous humor outflow. Although the mechanism remains
to be clarified, SPARC downregulation shows promise for
application as an anti‑glaucoma treatment, especially for
pseudoexfoliation syndrome or pigmented glaucoma, in which
large amounts of pigment granules and debris are produced.
TM cells in the outer TM tissue, the JCT region, have both
fibroblastic and smooth muscle‑like qualities (11). Previous
research has demonstrated that fibrosis of the JCT is a major
cause of impaired aqueous humor outflow and glaucoma (21).
The mechanical and biological changes associated with JCT
fibrosis, in turn, are caused by structural changes in the cyto‑
skeleton (22) and ECM (23). These structural changes are
considered upstream signals in the pathological process of
glaucoma (24). The present study indicated that downregula‑
tion of SPARC lowered the expression of F‑actin in TM cells,
leading to rearrangement of the actin cytoskeleton. F‑actin in
the cytoskeleton is one of the key factors that determines cell
mechanics (25). F‑actin morphology is closely associated with
functional disorders of TM cells (26,27). The cytoskeleton
plays notable roles in maintaining cell polarity and initiating
intracellular metabolism and signaling (28,29). Cytoskeletal
rearrangement is also closely associated with phagocytosis,
cell secretion (30,31), cell junction changes and changes in the
composition of the ECM (32,33). In addition, the distribution
and structure of the cytoskeleton directly affects contraction

of the TM (28). These factors can directly or indirectly change
the outflow resistance of aqueous humor.
The results of the present study also indicated that SPARC
downregulation led to decreased expression of ZO‑1, causing
F‑actin to detach from the cell membrane. ZO‑1 plays a central
role in cytoskeleton‑associated proteins; it is attached to the
cell membrane, with one end linked to occludin, a tight junc‑
tion protein in the cell membrane, and the other end linked
to F‑actin in the cytoplasm. Together, these proteins together
form a functional complex that is the main permeability
barrier among cells. The barrier regulates intercellular trans‑
port of water, ions and macromolecules, bridges internal and
external cell communication, modulates cell movement and
maintains the cell microenvironment (33). A previous study
has demonstrated that changes in ZO‑1 expression or location
and/or structural dysfunction of ZO‑1 may disrupt the integrity
of tight junctions, resulting in loss of intercellular junctions
and impaired permeability (34). ZO‑1 is involved in cell
and tissue remodeling. ZO‑1‑deficient mice exhibit delayed
growth (35). Previous research has demonstrated that ZO‑1
is also involved in the regulation of TM function. Increased
expression of ZO‑1 in TM cells has been noted in patients
with neovascular glaucoma (36). Increased IOP can lead to
decreased expression of ZO‑1 and affect the cytoskeleton
of TM cells and intercellular adhesion (37). Dexamethasone
increases the protein expression level of ZO‑1 in cultured TM
cells (38). These results indicate that ZO‑1 is closely associated
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Figure 4. Expression of SPARC mRNA in HTMCs after viral infection.
Relative expression levels of SPARC mRNA in HTMCs after viral infec‑
tion were determined using reverse transcription‑quantitative PCR. *P<0.05
vs. NC group. NC, negative control; 543, pL_shRNA_mKate2‑SPARC‑543
group; 582, pL_shRNA_mKate2‑SPARC‑582 group; 347, pL_shRNA_
mKate2‑SPARC‑347 group; HTMC, human trabecular meshwork cell;
SPARC, secreted protein acidic and rich in cysteine.

with cytoskeletal rearrangement and cellular contractile tone,
therefore affecting the drainage of the aqueous humor, and that
SPARC may initiate this process.
In human eyes, SPARC is present in numerous tissues,
including the lens (39), corneal epithelium (39), TM cells (3),
ciliary body smooth muscle cells (40), aqueous and vitreous
humors (39), and retinal pigment epithelium (39,41).
Immunofluorescence staining revealed that SPARC is present
throughout the TM and that it is among the most abundantly
expressed genes in cultured human TM cells (4,42). In the TM
of human eyes at postmortem, SPARC and MYOC, another
glaucoma gene, increased significantly with increased levels
of IOP (43). SPARC‑null mice were demonstrated to have
lower IOP compared with wild‑type mice, potentially due to
decreased outflow resistance (5), and TGF‑β2 failed to induce
ocular hypertension in such mice (44). These results indicate
that SPARC is important in the regulation of aqueous humor
outflow via the TM, although the underlying mechanism
remains unclear. The results of the present study suggested
that SPARC may work throughout the whole TM tissue by a
variety of mechanisms, including improving phagocytosis and
cytoskeletal rearrangement.
The current study used only one commercial human TM
cell strain to test MYOC as the cell marker. By contrast, directly
acquiring cells from human TM tissues would increase the
validity of the results. Meanwhile, precise cell identification is
indispensable in primary cells. Furthermore, in vivo tests are
needed to validate the conclusions the present study revealed
in vitro. The mechanism whereby SPARC regulates IOP, the
signaling pathways upstream of SPARC and its regulation
of ECM metabolism represent future research directions in
this field. We consider that SPARC will hold promise as a
novel therapeutic target for glaucoma as more information is
revealed on this matricellular protein.
In conclusion, downregulation of SPARC decreased the
expression levels of the cytoskeleton‑associated proteins
F‑actin and ZO‑1, promoted phagocytosis in human TM cells

Figure 5. Effects of SPARC downregulation on F‑actin and ZO‑1 expres‑
sion in HTMCs. HTMCs were divided into three groups: Empty vector
control group (HTMC‑NC group), blank control group (HTMC group) and
the lentivirus group (HTMC‑SPARC group). (A) After 48 h of culture, the
mRNA expression levels of SPARC, F‑actin and ZO‑1 were determined
using reverse transcription‑quantitative PCR. Protein expression levels of
SPARC, F‑actin and ZO‑1 were determined using (B) western blotting and
(C) quantified. *P<0.05 vs. the HTMC‑NC group; #P<0.05 vs. the HTMC
group. SPARC, secreted protein acidic and rich in cysteine; ZO‑1, zonula
occludens‑1; HTMC, human trabecular meshwork cell; NC, negative control;
543, pL_shRNA_mKate2‑SPARC‑543 group.

Figure 6. Effects of SPARC downregulation on phagocytosis in HTMCs. An
equal amount of inactivated Escherichia coli suspension was added to the
HTMC‑NC, HTMC and HTMC‑SPARC groups. After 24 or 48 h of culture,
the expression levels of bacterial 16S RNA in TM cells were detected by reverse
transcription‑quantitative PCR, and 16S RNA in the HTMC‑NC group after
5 min of culture was used as a control to represent 100% expression. *P<0.05
vs. the HTMC‑NC group; #P<0.05 vs. the HTMC group. SPARC, secreted
protein acidic and rich in cysteine; HTMC, human trabecular meshwork cell;
NC, negative control; 543, pL_shRNA_mKate2‑SPARC‑543 group.
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and may affect the outflow of aqueous humor through the TM
pathway.
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