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Elevated intraocular pressure (IOP) is the principal risk factor for glaucoma and results from excessive imped-
ance of the fluid outflow from the eye. This abnormality likely originates from outflow pathway tissues such 
as the trabecular meshwork (TM), but the associated molecular etiology is poorly understood. We discovered 
what we believe to be a novel role for secreted frizzled-related protein-1 (sFRP-1), an antagonist of Wnt sig-
naling, in regulating IOP. sFRP1 was overexpressed in human glaucomatous TM cells. Genes involved in the 
Wnt signaling pathway were expressed in cultured TM cells and human TM tissues. Addition of recombinant 
sFRP-1 to ex vivo perfusion-cultured human eyes decreased outflow facility, concomitant with reduced levels 
of β-catenin, the Wnt signaling mediator, in the TM. Intravitreal injection of an adenoviral vector encoding 
sFRP1 in mice produced a titer-dependent increase in IOP. Five days after vector injection, IOP increased 2 
fold, which was significantly reduced by topical ocular administration of an inhibitor of a downstream sup-
pressor of Wnt signaling. Thus, these data indicate that increased expression of sFRP1 in the TM appears to 
be responsible for elevated IOP in glaucoma and restoring Wnt signaling in the TM may be a novel disease 
intervention strategy for treating glaucoma.

Introduction
Glaucoma is a major cause of irreversible visual impairment and 
blindness in the world (1, 2). Approximately 70 million individu-
als have this disease, although more than half of the patients are 
unaware of their sight-threatening conditions (1). Glaucoma is a 
heterogeneous group of optic neuropathies, and primary open-
angle glaucoma (POAG) is the most prevalent form of glaucoma 
in Western populations (3). Elevated intraocular pressure (IOP) is 
the principal causative risk factor responsible for both the develop-
ment (4) and progression (5, 6) of glaucoma.

IOP is regulated by a delicate equilibrium between the production 
and outflow rates of aqueous humor, the clear fluid that is responsi-
ble for the metabolic homeostasis in the anterior segment of the eye. 
Glaucomatous ocular hypertension results from an excessive imped-
ance of the outflow of aqueous humor, likely a consequence of func-
tional abnormalities in outflow pathway tissues, such as the trabecu-
lar meshwork (TM) (6–9). However, the related molecular etiology for 
glaucomatous damage to the outflow pathway is poorly understood. 
Despite evidence that inheritance clearly plays a role in glaucoma, 
the identified glaucoma loci and several glaucoma genes account for 
only a small fraction of patients with this disorder (10–12).

Evaluation of differential gene and protein expression between 
normal and glaucomatous TM cells and tissues is one approach 

used to identify pathogenic pathways involved in glaucoma. 
Expression of various gene products was found to be increased in 
glaucomatous TM tissues and cells, including E-Selectin (ELAM-1)  
(13, 14) and cochlin (15, 16). One key challenge remains as to 
whether these differences play an essential role in the pathogenic 
process or are merely associated secondarily with glaucoma. To 
resolve this question, it is necessary to show that altered expression 
of the target gene causes glaucoma-like phenotypical changes in 
an appropriate study model. For this purpose, we used perfusion-
cultured human ocular anterior segments and viral vector trans-
gene expression in the mouse eye (17) to confirm differentially 
expressed genes as meaningful glaucoma targets.

In the present study, we found that secreted frizzled-related pro-
tein-1 (sFRP-1), an antagonist of the Wnt signaling pathway (18, 19), 
was differentially expressed in glaucomatous human TM cells com-
pared with normal human TM cells. We further showed that human 
TM cells possess a functional Wnt signaling pathway, and that the 
addition of recombinant sFRP-1 to ex vivo perfusion-cultured anteri-
or segments of human eyes decreased aqueous humor outflow facil-
ity. In addition, we observed that overexpression of sFRP-1 by a viral 
vector in mouse eyes led to elevated IOP, a characteristic phenotype 
of glaucoma. Topical ocular administration of an inhibitor of gly-
cogen synthase kinase-3 (GSK-3), a downstream suppressor of Wnt 
signaling, lowered IOP in sFRP-1–induced ocular hypertensive eyes, 
further supporting the role of Wnt signaling in regulating IOP.

Results
Identification of sFRP-1 differentially expressed in glaucomatous TM 
cells. Approximately 2,400 PCR products of 120–650 base pairs in 
length from cDNAs of cultured TM cells derived from normal and 
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glaucomatous donors were compared using RNA differential dis-
play (RDD). Autoradiographs of 2 RDD studies using HAP1 and  
H-T11A primers showed that 1 band appeared to be greatly 
increased in the glaucomatous TM cell line compared with the 
normal TM cell line (Figure 1, bold arrows). PCR reamplification 
and sequence of the corresponding band resulted in a 240–base 
pair sequence that was identical to the human sFRP1 mRNA (Gen-
Bank accession number NM_003012).

Confirmation of differential sFRP1 expression in glaucomatous TM cells. 
To confirm the RDD discovery of differentially expressed sFRP1 
in glaucomatous TM cells, quantitative RT-PCR was used to 
quantify sFRP1 expression in TM cell lines derived from 6 closely 
age-matched pairs of normal and glaucomatous donors. Levels of 
sFRP1 mRNA were elevated in all 6 glaucomatous cell lines com-
pared with their respective controls with a 4.5-fold mean increase 
(P < 0.01) (Figure 2A). Similar results were obtained by Northern 
blot analysis (data not shown). In addition, ELISA evaluation 
demonstrated that sFRP-1 protein was also significantly elevat-
ed (49.3%; P < 0.05) in homogenates of glaucomatous TM cells  
(19.6 ± 3.2 ng/mg protein, mean ± SEM; n = 10) compared with 
normal TM cells (12.5 ± 1.5 ng/mg protein; n = 13) (Figure 2B).

Expression of genes involved in Wnt signaling in TM. sFRP-1 is an 
antagonist of Wnt signaling. To determine whether Wnt signaling 
pathway genes are expressed in the TM, we examined cultured TM 

cells and TM tissues from normal donors using Affymetrix gene 
microarrays and RT-PCR followed by sequence validation of PCR 
products. Table 1 is a summary of key members of Wnt signaling 
pathway that were detected in TM cells and/or tissues. These include 
mRNAs for several Wnt genes (WNT2b, WNT5a, and WNT5b), Wnt 
receptors (frizzled [FZD] genes — FZD1, FZD2, FZD3, FZD4, FZD6, 
FZD7, and FZD8), and Wnt antagonists (SFRP1 and SFRP-4). The 
Wnt coreceptors, LRP5 and LRP6, were detected as well. TM cells also 
expressed genes for the key Wnt intermediate signaling molecules, 
β-catenin (CTNNB1), adenomatous polyposis coli (APC), disheveled 
(DVL), Axin 2, and GSK-3β, as well as transcription factors (TCF3, 
TCF4, and TCF7) that mediate Wnt-regulated gene expression. Other 
Wnt members (WNT1, WNT3, WNT4, WNT6, WNT7, WNT8, WNT9, 
WNT10, WNT11, and WNT16) and FZD members (FZD5, FZD9, and 
FZD10) were undetectable (absent) in our microarray analysis.

The presence of mRNAs for many of these genes in the TM cells 
was confirmed by RT-PCR with sequencing validation. Since there 
are at least 19 Wnt and 10 FZD members, for a quick validation 
of the microarray results, 2 sets of common primers with mixed 
base pairs to target WNT1, -2, -5, -7, and -8, and FZD1, FZD2, FZD3, 
FZD5, FZD7, and FZD9, respectively, were designed (Table 2).  
RT-PCR followed by sequence validation of the PCR products iden-
tified the expression of 2 Wnt members (WNT2b and WNT5a) and 
3 Wnt receptors (FZD1, FZD2, and FZD7) in TM cells (Table 1).

Effects of sFRP-1 in perfusion-cultured human eyes. The expression of 
sFRP1 and other genes related to Wnt signaling in the adult TM sug-
gests that this pathway may be involved in normal TM functions. 
Since a major function of the TM is regulation of aqueous humor 
outflow and thus IOP, we determined whether administration of 
sFRP-1 could change these parameters. The ex vivo human ocular 
perfusion organ culture was used to evaluate whether sFRP-1 has a 
direct effect on human aqueous outflow and Wnt signaling through 
modulating β-catenin levels in TM tissues. Anterior segments from 4 
pairs of human donor eyes were perfused under constant hydrostat-
ic pressure of 12.5 mmHg and the outflow facility was monitored. 
After equilibration for 1 to 2 d, the basal outflow rate of the eyes 
stabilized to 2.9 ± 0.4 μl/min (mean ± SEM; n = 8). One eye of each 
pair was then randomly assigned to be perfused with medium, while 
the contralateral eye was perfused with medium containing recom-
binant human sFRP-1 (10 μg/ml). The outflow rate was reduced in 
eyes receiving sFRP-1 compared with control eyes, starting 1 d after 
treatment. The reduction became statistically significant at days 3 
and 4 (P < 0.05), with a 55% reduction at day 4 (Figure 3A).

There was no detectable sFRP-1 protein by Western blot analy-
sis of the TM and ciliary body (CB) tissues in the control perfused 
anterior segments. However, sFRP-1 was clearly detected in these 
2 tissues perfused with recombinant sFRP-1, confirming that the 
sFRP-1 recombinant protein perfused into organ cultures was 
stable and accessible to the TM and CB (Figure 3B). Treatment 

Figure 1
Identification of sFRP1 differential expression in glaucomatous TM 
cells. RDD of normal TM cells compared with glaucomatous TM cells. 
M, molecular size markers; N1–N3, normal TM cells (NTM70A); G, 
glaucoma TM cells (GTM29A); L, control sample derived from human 
liver. Bold arrows indicate a differential display band in the glaucoma TM 
cells. Experiments 1 and 2 represent independent PCR reactions, which 
used the same samples and primers (HAP1/T11A). The DNA sequence 
of the differentially expressed cDNA fragment in glaucomatous TM cells 
is identical to sFRP1 (GenBank accession number NM_003012).
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with sFRP-1 also decreased protein levels of cytosolic β-catenin, 
a key intermediate in the canonical Wnt signaling pathway, in 
both tissues (Figure 3B). The β-catenin immunoblot results were 
corroborated by ELISA measurements. In the sFRP-1–treated 
human eyes, β-catenin protein levels were significantly reduced 
by 41% (n = 4; P < 0.01) in the TM tissue and by 55% (P < 0.01) in 
the CB (Figure 3C). These data indicate that both the TM and 
CB have a functional Wnt/β-catenin signaling pathway that is 
negatively regulated by the WNT antagonist sFRP-1. These cel-
lular changes are associated with a reduced outflow facility in 
perfused human eyes, which would correspond to an elevated 
IOP, an important glaucoma phenotype.

In vivo effects of sFRP-1. The in vivo effect of sFRP-1 on IOP was 
studied in BALB/c mice that received intravitreal injections of an 
adenoviral vector encoding sFRP-1 (Ad5.sFRP-1) (3 × 107 PFU/eye).  
As a control, Ad5.Null (3 × 107 PFU/eye) was also injected intra-
vitreally. Baseline IOP values of the injected and noninjected 
eyes were similar: Ad5.sFRP-1, 11.4 ± 0.1 mmHg (mean ± SEM; 
n = 6); Ad5.Null, 11.7 ± 0.4 mmHg (n = 6); and noninjected eyes,  
11.6 ± 0.2 mmHg (n = 12). Five days after injection, Ad5.sFRP-1 
produced a highly significant (P < 0.001) pressure increase. The 
IOP peaked at 26.5 ± 2.9 mmHg, more than doubling the pretreat-
ment value, while the IOPs of noninjected or Ad5.Null-injected 
eyes remained unchanged. The significant elevation in IOP in the 
vector-treated eyes persisted until the study was stopped at day 11 
(Figure 4A). In this study, there was a slight but statistically insig-
nificant decrease in IOP in the Ad5.sFRP-1–injected eyes after 
day 5. Because this reduction was not observed in other studies 
(Figure 5 and unpublished observations), it was likely a result of 
biological and technical variability.

The magnitude of IOP changes induced by Ad5.sFRP-1 was 
dependent on the amount of vector injected. In a separate study, 
different titers of Ad5.sFRP-1, ranging from 2 × 106 to 5 × 107 
PFU/eye, were injected. As a control, Ad5.GFP (5 × 107 PFU/eye) 
was also injected intravitreally. Mouse eyes in the Ad5.GFP-inject-

ed group expressed GFP as demonstrated by green fluorescence 
in the eye, but Ad5.GFP did not significantly alter IOP (data not 
shown). In contrast, Ad5.sFRP-1 injection produced a titer-depen-
dent increase in IOP. Four days after injection, the higher titers of 
Ad5.sFRP-1 (1 × 107 and 5 × 107 PFU/eye) caused significant IOP 
elevations to 24.6 ± 5.4 (n = 3) and 23.1 ± 5.1 mmHg, respectively 
(P < 0.01 vs. the noninjected eyes), whereas the lower titer (2 × 106 
PFU/eye) had no effect on IOP (Figure 4B).

Six days after injection of the viral vector, expression of sFRP1 
was detected by quantitative RT-PCR analysis in all eyes injected 
with Ad5.sFRP-1, whereas no endogenous mouse sFRP1 expres-
sion was detected in control noninjected eyes, reflecting specific-
ity of the primer/probe set designed for human sFRP1. Mouse 
sFRP1, which has 72% sequence homology with human sFRP1, was 
detected in these samples by a separate mouse microarray study 
(data not shown). The levels of human sFRP1 mRNA increased in a 
titer-dependent manner, in that more sFRP1 mRNA was observed 
in eyes injected with higher titers of Ad5.sFRP-1 (Figure 4C). 
There was a positive correlation between sFRP1 expression and 
IOP in these animals (Figure 4D). The measured sFRP1 mRNA sig-
nal in Ad5.sFRP-1–injected eyes was not the result of Ad5.sFRP-
1 viral DNA contamination, because mixing cDNA made from 
homogenates of the noninjected eyes with Ad5.sFRP-1 (5 × 107 
PFU) did not generate PCR-measurable sFRP-1 expression in the 
cDNA (data not shown).

sFRP-1, by inhibiting Wnt, activates GSK-3β–mediated phos-
phorylation of β-catenin, an important constituent of the canoni-
cal Wnt signaling pathway. Phosphorylation marks β-catenin for 
ubiquitination and subsequent proteolysis by the proteasome. 
Inhibitors of GSK-3β suppress phosphorylation of β-catenin and 
prevent its degradation, and therefore, could functionally antag-
onize the sFRP-1 effect. This concept of blocking the effect of 
sFRP1 with inhibitors of GSK-3β was tested in ocular hypertensive 
rodents using a potent GSK-3α and -3β inhibitor, N-(5-phenyl-1H-
pyrazolo[3,4-C]pyridazino-3 yl)-4-morpholine butanamide (Com-
pound 12 described in ref. 20). Twice daily topical ocular adminis-
tration of Compound 12 (1% wt/vol suspension), starting at 3 days 
after intravitreal injection of Ad5.sFRP-1 (3 × 107 PFU/eye), signifi-
cantly reduced the elevated IOP when compared with vehicle treat-
ed Ad5.sFRP-1–injected eyes (Figure 5). The reduction in IOP per-
sisted for at least 2 additional days beyond the termination of drug 
administration at day 5. Eventually, at day 10, 5 days after dosing 
was stopped, the 2 groups had similar IOP values. Careful, twice 
daily examinations by a masked researcher indicated that Com-
pound 12 did not produce any observable ocular (assessed using a 
hand-held ophthalmoscope) or systemic (judged by normal gross 
appearance and behavior) untoward effects. Reduction of sFRP1-
induced ocular hypertension by a GSK-3 inhibitor strongly impli-
cates canonical Wnt signaling in this glaucoma phenotype.

Discussion
In this report we showed that sFRP1 mRNA expression determined 
by RDD was elevated in cultured human TM cells derived from 

Figure 2
Confirmation of sFRP-1 differential expression in glaucomatous TM 
cells. (A) Quantitative RT-PCR quantitation of sFRP-1 expression in 6 
age-matched pairs of normal and glaucomatous TM cell lines. (B) ELISA 
analysis of sFRP-1 protein levels in 13 normal and 10 glaucomatous TM 
cell lines. Data are shown as mean ± SEM. *P < 0.05; **P < 0.01.
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a glaucoma patient. This finding was confirmed by quantitative 
RT-PCR evaluation in TM cells derived from 6 glaucoma donors 
and 6 age-matched normal donors. The sFRP-1 protein levels, as 
measured by ELISA, were also elevated in 10 glaucomatous human 
TM cell lines compared with 13 normal TM cell lines.

In addition to sFRP-1, various components of the Wnt signaling 
pathway, including several Wnt proteins, their receptors (FZD pro-
teins and LRP5/6), antagonists (sFRP proteins), and intracellular 
molecules responsible for Wnt signal transduction were detected in 
cultured human TM cells as well as human TM tissues. These find-

Table 1
Wnt signaling pathway genes expressed in human TM cells and tissues

Gene names	 Accession ID	 Microarray expression detection	 RT-PCR/Sequence validation
		  TM cell	 TM tissue	 TM cells
WNT2b	 NM_024494.1	 +	 +	 +
WNT5a	 NM_003392.1	 +	 –	 +
WNT5b	 NM_030775.1	 +	 –	 –
FZD1	 AF072872	 +	 –	 +
FZD2	 L37882	 +	 +	 +
FZD3	 NM_017412.2	 –	 +	 –
FZD4	 NM_012193.1	 +	 –	 NT
FZD6	 NM_003506.1	 +	 –	 NT
FZD7	 NM_003507.1	 +	 –	 +
FZD8	 AW340311	 +	 +	 NT
SFRP1	 NM_003012.2	 +	 +	 +
SFRP-4	 AW089415	 +	 –	 NT
CTNNB1	 NM_001904.1	 +	 –	 NT
APC	 S67788	 +	 +	 NT
GSK3β	 AI431788	 +	 +	 NT
AXIN2	 BF684446	 +	 +	 NT
DVL1	 AF006011	 +	 +	 NT
DVL3	 NM_004423.2	 +	 +	 NT
TCF3	 M31523	 +	 –	 NT
TCF4	 NM_003199.1	 +	 +	 NT
TCF7	 NM_003202.1	 +	 +	 NT
LRP5	 AB017498	 +	 +	 NT
LRP6	 AV725248	 +	 +	 NT

Studies were performed as described in Methods. TM cell data was obtained from U133 Plus2.0 chips in triplicates. TM tissue data was from U133A/B 
chips in 1 study. Microarray expression detection calls (+, presence; –, absent) were determined statistically by the Affymetrix MAS5.1 software based on 
signal intensities and variances. Other Wnt members (Wnt1, Wnt3, Wnt4, Wnt6, Wnt7, Wnt8, Wnt9, Wnt10, Wnt11, and Wnt 16) and FZD members (FZD5, 
FZD9, and FZD10) were absent (undetectable) in both TM cell and tissue by the microarray analysis. RT-PCR/sequence validation indicates the presence 
or absence of the nucleotide sequence of the specified gene in the RT-PCR product. NT, not tested.

Table 2
Primers and probes used in current study

Gene targets	 Primers/probes	 Sequences
sFRP1	 Forward	 GAGTCCGTGGTTGCCCTAGA
	 Reverse	 GCAATCAAGTTCAAAGGAAATGTTT
	 Probe	 FAM-CCCCTAGCAAAACTCACAGAGCTTTCCGT-TAMARA
WNT1, -2, -5, -7, and -8	 Forward	 G(G/T/C/A)GGCTGC(A/G/T)(G/C)(C/T)G(A/C)(C/T)(A/G)A(C/T)(A/G)T(T/C/G)(G/C)(A/G)CT
	 Reverse	 (G/C)(A/T)GCC(G/T/A)(G/C)(A/T)CA(C/T)(C/G)CC(G/A)TGGCACTT
FZD1, -2, -3, -5, -7, and -9	 Forward	 ATGGCCAGCTC(C/G)(A/C)TCTGGTGGGT
	 Reverse	 CTCCAGCTT(C/T/G)TC(G/C/T)GT(C/G)TTGGTGC
WNT2b	 Forward	 GGGGACTTTGACTGGGGTGG
	 Reverse	 AAGTAGACAAGATCAGTCCGGGTG
WNT5a	 Forward	 TTTCTCCTTCGCCCAGGTTG
	 Reverse	 GCGTACGTGAAGGCCGTCTC
FZD1	 Forward	 ACGGCGAACGGGGCATCTCC
	 Reverse	 TGGGGTGCCTTTGTCGGACG
FZD2	 Forward	 CCCTGCCCCGCCTGCTGCTG
	 Reverse	 GTAGCGCAGGAGCTCCGTCC
FZD7	 Forward	 CTGAGAACGCCGCTGCACTC
	 Reverse	 CTGGCCACTGGAAGCCGAAC
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ings suggest that the TM contains a Wnt signaling system and fur-
ther implies that sFRP-1 may alter TM functions. Indeed, we found 
a decrease in the aqueous outflow rate after sFRP-1 treatment of ex 
vivo perfused human eyes, which correlated with reduced β-catenin 
levels in the TM of the perfused tissues. In studies reported by oth-
ers, nonspecific proteins (BSA, β-galactosidase, fetal bovine serum, 
or human serum) in much higher concentrations than the sFRP-1 
concentration (10 μg/ml) used in this study, did not raise IOP of 
perfused human eyes (21). These observations, to our knowledge, 
are the first evidence of a functional canonical Wnt signaling path-
way in the TM. They support a role for Wnt signaling in maintain-
ing normal aqueous outflow through the TM and further suggest 
that perturbation of Wnt signaling in the TM caused the glaucoma 
associated phenotype of decreased aqueous outflow.

Results from the ex vivo perfusion study were substantiated by 
in vivo studies. Overexpression of human sFRP-1 in mouse eyes by 
intraocular injection of Ad5.sFRP-1 elevated IOP. The magnitude 
of the effect correlated with sFRP1 expression, which in turn was 
dependent on the amount of viral vector injected. These results sug-
gested that the adenovirus-mediated expression of human sFRP1, 
which has 95% amino acid homology with mouse sFRP1, could 
interact with the mouse Wnt signaling pathway. A similar study 
reported that the mouse Wnt signaling was impaired by adenovirus 
mediated overexpression of bovine sFRP1, which has 95% homology 

with the mouse protein (22). Most importantly, the Ad5.sFRP-1– 
induced increase in IOP was significantly diminished by topical ocu-
lar administration of a selective GSK-3 inhibitor. The drug effect 
lasted for at least 2 additional days after termination of treatment. 
It is interesting to note that the GSK-3 inhibitor only partially sup-
pressed the Ad5.sFRP-1–induced ocular hypertension, which may 
be a result of less than optimal pharmacokinetics of the treatment. 
In addition, an alternative signaling pathway may be involved in the 
sFRP-1 effect. Regardless, these results argue that the canonical Wnt 
signaling pathway, in which GSK-3 and β-catenin are critical com-
ponents, most likely plays an important role in maintaining normal 
IOP, and that increased expression of sFRP-1 alters this signaling 
pathway in the TM and leads to ocular hypertension.

We believe the discovery of sFRP-1 and associated Wnt signal-
ing in the human TM is novel and intriguing. Wnt proteins are 
extracellular agents that bind to a variety of receptors to turn on 
several signaling pathways. Interaction with members of the Fzd 
family of seven-pass transmembrane molecules can activate phos-
pholipase C and calcium influx, which is mediated by the G protein 
Gq. In addition, Wnt can also stimulate phosphodiesterase(s) and 
interfere with cyclic GMP metabolism in the cell via the activation 
of Gt (23). Wnt/Fzd signaling also promotes cell motility and tissue 
polarity through mechanisms that involve Rho family small GTPas-
es and downstream kinases such as ROCK and JNK (24). Our pre-
liminary results suggest that these pathways are not prominent in 
the human TM cells (unpublished observations). Instead, our find-
ings show that the canonical Wnt/β-catenin pathway is operative in 
the TM. Activation of this pathway requires Wnt binding both to a 
Fzd and LDL receptor-related protein 5 or 6 (LRP5/6). Formation 
of this ternary complex leads to the disruption of a multiprotein 
assembly, including Axin, adenomatous polyposis coli (APC) tumor 
suppressor, GSK-3β, and β-catenin, which functions to promote the 
phosphorylation and degradation of β-catenin. Consequently, stim-
ulation of this signaling mechanism results in the accumulation 
of β-catenin in the cytoplasm and ultimately the nucleus, where it 
interacts with DNA-binding proteins of the T cell factor/lymphoid 
enhancer factor (TCF/LEF) family to turn on the expression of Wnt 
target genes (25). Binding of sFRP-1 directly to Wnts inhibits their 
activity, presumably by preventing their interaction with Fzds (18, 
19, 26). Recently, other sFRPs were shown to inhibit the proteolytic 
activity of tolloid metalloproteinases (27). This raises the possibility 
that sFRP-1 might have activities independent of Wnt regulation. At 
the present time, we are not able to conclusively confirm an inverse 
relationship between sFRP-1 and β-catenin levels in human glau-
coma TM samples or cultured human TM cells due to the complex 
interactions among multiple endogenously expressed Wnts and 
sFRPs. In addition, a large portion (50%–60%) of the β-catenin in 
the TM cells is associated with the plasma membrane (unpublished 
observations), probably via the formation of β-catenin/cadherin 
complexes, which further complicates assessment of the pool of 

Figure 3
Effects of sFRP-1 on perfusion-cultured human eyes. (A) Effect of 
recombinant human sFRP-1 (10 μg/ml) on aqueous outflow rate. The 
treatment started from time 0. *P < 0.05 versus same time point of the 
vehicle group (mean ± SEM; n = 4). There was no significant difference 
in basal flow rates between the 2 groups at time 0. (B) Western blot 
analysis of sFRP-1 and β-catenin in TM and CB of perfused human 
eyes. (C) ELISA assessment of β-catenin levels in control and sFRP-1– 
perfused TM and CB (mean ± SEM, n = 4). **P < 0.01.
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unbound β-catenin available for canonical Wnt signaling. Never-
theless, we demonstrated that perfusion of human ocular tissue 
with sFRP-1 reduced the level of cytosolic β-catenin in both TM and 
CB tissues concomitant with a decrease in aqueous outflow facility. 
This finding is consistent with the presence of a functional, IOP-
regulating Wnt/β-catenin pathway in the eye.

Wnt-dependent β-catenin signaling is highly conserved among 
species and has an important role in the development of flies, 
worms, and vertebrates from fish to mammals. Wnts affect the 
growth and differentiation of various organs and systems, includ-
ing the CNS (23, 28), liver (29), and kidney (30). It is also implicat-
ed in carcinogenesis in the mammary gland (26), colon (31), lung 
(32), and stomach (33), among others (34). In the eye, the Wnt/Fzd 
signaling pathways are involved in various stages of ocular devel-
opment and growth, such as the regulation of formation and size 
of the eye field, cell proliferation, polarity, connectivity, differen-
tiation, and functional integrity, especially in the lens and retina. 
Mutations in components of Wnt signaling pathways may contrib-
ute to many ocular diseases, including exudative vitreoretinopa-
thy, retinal degenerations, cataract, ocular tumors, and congenital 
ocular malformations (35). Interestingly, overexpression of sFRP-1 
has been observed in Graves ophthalmopathy and is thought to 
contribute to adipogenesis in this context (36). Our findings in 
the current report indicate that inhibition of Wnt signaling is also 
involved in glaucoma, thus further expanding the list of Wnt con-
nections to many normal and pathological conditions.

The involvement of Wnt signaling in glaucoma presents an inter-
esting parallel to the involvement of TGF-β in glaucoma (37–40). 
Both of these factors participate in the development and differen-
tiation of various tissues and organs. For example, the early devel-
opmental events involved in germ-layer induction in the embryo 
require activation of both TGF-β and Wnt (41). In murine mam-
mary gland epithelial cells, combination treatment of TGF-β and 
Wnt generates a unique gene expression pattern that cannot be pre-
dicted from single-ligand treatments (42). Moreover, the 2 signal-
ing systems are tightly intertwined, such that TGF-β stimulates the 
accumulation of β-catenin and LEF1 in human prostate cancer cells 
and keratinocytes (43), activates β-catenin mediated transcription in 
human dermal fibroblasts (44), and induces rapid nuclear translo-
cation of β-catenin in mesenchymal stem cells (45). Similar interac-
tions between these 2 signaling pathways may occur in the TM and 
contribute to the regulation of TM functions and thus IOP.

The molecular mechanisms associated with the regulation of TM 
functions are complex. We recently discovered that the biological 
effects of TGF-β in the TM can be modulated by the bone mor-
phogenic proteins (BMPs) and their antagonist gremlin (46). These 
findings highlight the intricate interrelationships among signal-
ing pathways, because BMP and Wnt signals can interact to coordi-
nate tissue development. For example, in the spinal cord, crosstalk 
between Wnt and BMP signaling controls the balance between pro-
liferation and differentiation (28), and both signals coordinately 
organize the specification of dorsal neurons (47). For neural crest 

Figure 4
Effects of Ad5.sFRP-1 on mouse IOP and 
sFRP1 expression. (A) Ad5.sFRP1 (3 × 107  
PFU/eye, n = 6) or Ad5.Null (3 × 107 PFU/eye,  
n = 6) was injected intravitreally at day 0.  
IOP was measured with the TonoLab 
rebound tonometer. (B) Mouse IOP at day 
4 after intravitreal injection of Ad5.sFRP-1  
(2 × 106, 1 × 107, or 5 × 107 PFU/eye). Sam-
ple sizes are indicated by the number at the 
base of each bar. (C) Expression of sFRP1 
assayed by quantitative RT-PCR in mouse 
eyes injected with the vectors indicated in 
B at day 6 after injection. (D) Correlation 
between sFRP1 expression level and IOP 
in mice. Data are shown as mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001 versus 
“No injection” group by 1-way ANOVA then 
Bonferroni’s test.
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cells, BMP signals are involved in establishing a competency zone 
at the border of the neurectoderm, while subsequent Wnt signals 
induce cell differentiation (48). During ectopic bone formation, 
BMP-2 induces Wnt signaling, and β-catenin is required for both 
chondrogenesis and osteogenesis (49). In osteoblast progenitors, 
BMP-2 antagonizes Wnt by promoting an interaction between 
Smad1 and Dvl-1 that restricts β-catenin activation (50). These 
interactions between BMP and Wnt, together with those between 
BMP and TGF-β, as well as TGF-β and Wnt, impose a fascinating 
potential web of feedback and feed-forward checkpoints to regulate 
TM cell function, IOP, and glaucoma pathogenesis.

In summary, we have found that increased expression of sFRP-1 in 
glaucomatous TM may be responsible for the glaucoma phenotype 
of elevated IOP in humans. This discovery will lead to additional 
studies aiming to determine the prevalence of defects in the Wnt 
pathway in the glaucoma population, the primary cause of altered 
sFRP-1 expression, and the potential deficiency of other members 
of the WNT pathway involved in glaucoma. The identification of 
what we believe to be a novel pathogenesis mechanism and future 
understanding of the related signaling steps will certainly offer 
potential new disease intervening strategies, such as inhibition of 
GSK, for the treatment of ocular hypertension in glaucoma.

Methods
Human ocular tissues. All human donor eyes were obtained from the Central 
Florida Lions Eye and Tissue Bank. For RNA isolation, donor eyes less than 
5 h post-mortem were bisected equatorially and preserved in RNAlater 
(Ambion) at the eye bank before shipment. The TM tissues were carefully 
dissected later and stored at –80°C for subsequent RNA isolation (51). For 
protein extraction, TM tissues from donor eyes were dissected less than  
24 h post-mortem and stored at –80°C until used.

Culture of human TM cells. Human TM cells were isolated and characterized 
as described previously (52, 53). Cell cultures were maintained in DMEM 
supplemented with 10% FBS (Hyclone Laboratories), 2 mM l-glutamine, 
penicillin (10,000 units/ml), and streptomycin (10 μg/ml) (Gibco BRL).

RNA extraction and cDNA preparation. Total RNA was extracted from cul-
tured TM cells or from RNAlater preserved TM tissues using a commercial 
kit, RNAqueous-4 PCR (Ambion) or ToTALLY RNA (Ambion), accord-
ing to the manufacturer’s instructions (51). RNA quality was assessed 
by agarose gel electrophoresis or by analysis using the 2100 Bioanalyzer 
(Agilent). cDNA was synthesized using MultiScribe reverse transcriptase 
and random hexamers (PE Applied Biosystems). PCR was performed with 

GAPDH primers (forward, 5′-CCATGGAGAAGGCTGGGG-3′; reverse: 5′-
CAAAGTTGTCATGGATGACC-3′) to evaluate cDNA quality.

RDD. RDD was performed using an mRNA differential display system, 
RNAimage, according to the manufacturer’s instructions (GenHunter). 
Briefly, RNA from normal TM cells (NTM70A) and glaucomatous TM 
cells (GTM29C) was reverse transcribed using oligonucleotide primers 
H-T11M (where M may be A, C, or G), deoxynucleotide triphosphate, and 
Moloney murine leukemia virus reverse transcriptase and incubated for 
60 min at 37°C. The cDNAs were amplified by PCR by adding the reverse 
transcriptase reaction to a PCR mix, containing H-AP1, an arbitrary 10-mer 
primer (5′-AAGCTTGATTGCC-3′), a corresponding H-T11A primer (5′-
AAGGTTTTTTTTTTTA-3′), deoxynucleotide triphosphates, α 33P-dATP, and 
AmpliTaq DNA Polymerase (Applied Biosystems). Each sample was amplified 
and subjected to electrophoresis in duplicate. The PCR products were dena-
tured, diluted with a running buffer, and separated on a 6% polyacrylamide 
denaturing gel using a Sequi-Gen GT nucleic acid electrophoresis cell (Bio-
Rad). The gels were blotted on 3M filter paper, covered with plastic wrap, and 
exposed to autoradiography overnight at –80°C. Differentially expressed 
cDNA bands were cut out of the gels, boiled in double-distilled water, precipi-
tated by ethanol, and resuspended in water. This cDNA was used as template 
for PCR reamplification as described above but without radioactive nucleo-
tide. The reamplified PCR products were purified by agarose gel and directly 
sequenced by an automated ABI sequencer (Perkin-Elmer).

Microarray experiment. Gene expression profiling was conducted using 
Affymetrix U133A/B Arrays for TM tissues or U133 Plus 2.0 Array (Affyme-
trix Inc.) for cultured TM cells. TM tissue RNA was extracted individually 
and pooled from 13 normal donor tissues (average donor age was 81.7 years, 
ranging from 70–92 years), and TM cell RNA was extracted from a normal 
cultured TM cell line (NTM153-00). Ten micrograms of total RNA was used 
for each microarray study. Synthesis of cDNA and biotin-labeled antisense 
cRNA, target hybridization, washing, staining, and scanning probe arrays were 
conducted at the University of Iowa DNA Facility according to the Affyme-
trix Genechip Expression Analysis Technical Manual. The microarray gene 
expression was analyzed with the Affymetrix Microarray Suite software.

Real-time quantitative PCR. Real-time quantitative PCR was performed 
using the ABI Prism 7700 Sequence Detection System according to the 
manufacturer’s instructions (PE Applied Biosystems). Typical multiplex 
PCR reaction mixtures consisted of 1X TaqMan Universal PCR Master 
Mix (PE Applied Biosystems), cDNA from 2.5 ng of total RNA, and the 
specified primer (200 nM), probe (100 nM), and β-actin or 18S ribosomal 
RNA control (PE Applied Biosystems) in a final volume of 25 μl. Thermal 
cycling conditions were 50°C for 2 min and 95°C for 10 min, followed by 
40 cycles at 95°C for 15 s and 60°C for 1 min. Relative RNA concentrations 
were determined by comparison to a standard curve generated by different 
dilutions of TM cell cDNA (54). Sequences of primers and probes used in 
this study are described in Table 2.

Western immunoblotting. For sFRP-1 and β-catenin analysis, TM and CB tis-
sues were dissected from the perfused human anterior segments and homoge-
nized in M-Per buffer (Pierce). Protein concentration in each sample was deter-
mined using the BCA Protein reagent (Pierce). Proteins (10 μg) were separated 
on SDS-PAGE (NuPAGE Bis-Tris system; Invitrogen), transferred to PVDF 

Figure 5
Effect of GSK inhibitor on sFRP1-induced ocular hypertension in mice. 
After intraocular injection of Ad5.sFRP-1 (3 × 107 PFU/eye) at day 0, 
twice daily topical ocular administrations of a GSK inhibitor, Compound 
12 (1% wt/vol suspension), or vehicle were performed on days 3, 4, 
and 5 (gray horizontal bar). *P < 0.05 versus the “No injection” group; 
#P < 0.05 versus the “Ad5.sFRP-1 + Vehicle” group by 1-way ANOVA 
then Bonferroni’s test (mean ± SEM; n = 10).
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membranes (Invitrogen), blocked with 3% gelatin, and probed with a mouse 
monoclonal antibody for human β-catenin (Transduction Laboratories) and 
a sheep anti-mouse IgG-HRP secondary antibody (Amersham). Visualization 
was performed either by chemiluminescence using ECL Plus (Amersham) 
and exposure to BioMax MR X-ray film (Eastman Kodak) or by scanning 
on a Storm 840 Phosphorimager (Molecular Dynamics). Quantitation was 
done using ImageQuant software (Molecular Dynamics). The β-catenin 
blot was then reprobed for sFRP-1 analysis in a similar manner to β-catenin  
analysis, but a protein G–purified rabbit polyclonal antiserum raised against 
human sFRP-1 (18) and an anti-rabbit IgG secondary antibody conjugated to 
horseradish peroxidase (donkey anti-rabbit; Amersham) were used.
β-catenin ELISA. A sandwich-type ELISA was constructed, using a mouse 

monoclonal antibody to β-catenin (Transduction Laboratories) as the cap-
ture antibody and a rabbit polyclonal β-catenin antibody (Santa Cruz Bio-
technology) along with donkey anti-rabbit IgG-HRP (Amersham) for detec-
tion. Washing between incubation steps was with PBS plus 0.1% Triton X-100 
(PBST; Sigma-Aldrich). Wells of microtiter plates were coated with 50 ng  
of monoclonal anti–β-catenin in 100 μl of 0.05 M carbonate-bicarbonate 
buffer, pH 9.6 (Sigma-Aldrich), and incubated overnight at 4°C. Blocking of 
nonspecific binding was done with 300 μl of 0.2% (wt/vol) protease-free BSA 
(Sigma-Aldrich) in 0.05 M carbonate-bicarbonate buffer. Cell samples were 
diluted in 1% (wt/vol) protease-free BSA in PBST, and 50 μl was added to the 
wells and incubated for 1 h. The second β-catenin antibody was used at 1:100 
dilution, and the detection antibody was diluted 1:1,000 in 1% BSA/PBST  
and added at 100 μl/well. Substrate, 3,3′,3,5′-tetramethylbenzidine (TMB, 
100 μl/well; Sigma-Aldrich), was added and incubated for 30 min, and the 
reaction stopped with 50 μl of 0.5 M H2SO4. Absorbance was measured at 
450 nm using 570 nm for background correction.

sFRP-1 ELISA. Goat polyclonal anti-human sFRP-1 (R&D Systems),  
50 ng/well, was used as the capture antibody to create a sandwich-type ELISA, 
employing the same buffers, detection reagents, and general procedures as 
used for the β-catenin ELISA. The second sFRP-1 antibody was a polyclonal 
anti-human sFRP-1 generated in rabbits as follows. The peptide sequence, 
288DKKNKENFKNFMKKMKNHEC306, was synthesized to 93% purity using 
f-MOC chemistry, and its mass was verified by mass spectrometry (Sigma-
Aldrich). The peptide was conjugated to keyhole limpet antigen through 
the terminal cysteine and injected into 2 rabbits at 2-week intervals using 
complete and incomplete Freund adjuvant. Serum was collected at 3-week 
intervals. Total IgG was affinity purified by binding to chimeric Protein A/G 
Agarose (Pierce Chemical Company). After elution of the antibodies and dial-
ysis against standard PBS, glycerol was added to 10% vol/vol. Aliquots were 
frozen in liquid nitrogen and stored at –80°C. This antibody was used at 1:100 
dilution, and detection was with donkey anti-rabbit IgG-HRP (Amersham).

Perfusion-cultured human eyes. Human anterior segments were set up for 
perfusion culture as described previously (55–57). Human donor eyes 
obtained from regional eye banks were used within 24 h of death. Eyes were 
equatorially bisected with the lens, iris, and vitreous removed. The ante-
rior segment was then mounted in a sterile custom-made Plexiglass culture 
dish and sealed with a Plexiglas O-ring. The eyes were perfused with DMEM 
containing l-glutamine, penicillin, streptomycin, and gentamycin (Gibco-
BRL) at a constant hydrostatic pressure of 12.5 mmHg. Perfusion rate was 
measured by daily weighing of the inflow reservoir, assuming the density 
of the perfusate as 1 g/ml. One eye of each pair was perfused with medi-
um containing recombinant human sFRP-1 (10 μg/ml), a concentration 
shown to have an optimal inhibitory effect on Wnt signaling (19), while the 
contralateral eye was treated with vehicle. At the end of the culture period, 
TM tissue of each eye was divided into 4 quadrants along the circumfer-
ence and carefully dissected. Two quadrants were fixed and examined by 
transmission electron microscopy to determine tissue viability. Only data 
derived from viable tissues were included for analysis (55, 56). Based on this 

criterion, results from 1 pair of eyes (out of 5) were discarded in the cur-
rent study. Remaining TM and CB tissues were carefully dissected, proteins 
extracted, and immunoblotted for sFRP-1 and β-catenin levels.

Construction of Ad5.sFRP-1 viral vector. Ad5.sFRP-1 viral vector was custom-
constructed by Qbiogene. Briefly, the 1,067-bp human sFRP-1 insert (NCBI 
nucleotide sequence number AF056087) in pcDNA3.1 plasmid DNA, obtained 
from ATCC, was cut using Not I and Xbal and cloned into the pAdenovator-
CMV5(CuO)-IRES-GFP transfer vector. Positive expression of the 35.4-kDa 
protein was confirmed by Western blot. Viral plaques were generated using the 
transfer plasmid and the pAdenoVator ΔE1/E3 viral plasmid DNA. Plaques 
were picked and amplified in 293 cells for protein expression detection by 
Western blotting. All clones tested were positive for the protein of interest. One 
clone was amplified in 109 293CymR cells. Following freeze/thaw cycles, the 
adenoviruses present in the supernatant were purified on 2 successive CsCl2 
gradients and dialyzed against sterile 20 mM Tris pH 8.0, 25 mM NaCl, and 
2.5% glycerol. The Ad5.sFRP-1 was titered by optical density and plaque assay, 
and aliquots of the virus were stored at –80°C until use. Control Ad5.GFP 
(Ad5.CMV5-GFP) and Ad5.Null were also obtained from Qbiogene.

Intravitreal injection and IOP measurement. All animal procedures per-
formed in this study complied with the ARVO Statement for the Use of 
Animals in Ophthalmic and Vision Research and were approved by the 
Alcon Independent Animal Care and Use Committee. Adult male BALB/c  
mice of 20–35 g (The Jackson Laboratory) were housed in transparent 
plastic rodent boxes under 12-h light/dark cycle with lights on starting 
at 6 AM. Mouse chow and water were available ad libitum. For intravitreal 
injections, the animals were anesthetized with a mouse anesthesia cocktail 
(intraperitoneal injection of acepromazine [1.8 mg/kg], ketamine [73 mg/kg],  
and xylazine [1.8 mg/kg]). Adenoviral vectors (2 × 106 to 5 × 107 PFU/eye)  
were injected intravitreally in a volume of 2 μl into a randomly-selected eye 
of each animal. The contralateral eye was not injected. IOP measurements 
on conscious animals were performed in a masked fashion using the Tono-
Lab rebound tonometer (Colonial Medical Supply) as described (58). At 
day 6 after injection, mouse eyes were enucleated and total RNA extracted 
for use in detecting viral vector mediated sFRP-1 expression.

GSK inhibitor. To evaluate the effect of a selective GSK inhibitor,  
[N-(5-phenyl-1H-pyrazolo[3,4-C]pyridazino-3 yl)-4-morpholine butan-
amide] Compound 12, was synthesized according to Witherington, et al. 
(20). It was formulated as a stable suspension, which was comprised of 
Compound 12 (1% wt/vol), Na2PO4.12H2O (0.5%), NaCl (0.75%), Na2EDTA 
(0.01%), hydroxypropyl methylcellulose (0.5%), polysorbate 80 (0.05%), pH to 
7.4. At days 3 to 5 after intraocular injection of Ad5.sFRP-1 (5 × 107 pfu/eye), 
5 μl of the drug suspension or vehicle (formulation containing all ingredi-
ents except Compound 12) was administered onto the cornea twice daily.

Statistics. For comparisons between 2 groups, the unpaired Student’s t 
test was used. For comparisons among 3 or more groups, 1-way ANOVA 
followed by Bonferroni’s test was applied. A value of P < 0.05 represents 
statistical significance.
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