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The trabecular meshwork tissue controls the drainage of the aqueous humor of the eye. A dys-

functional trabecular meshwork leads to an altered fluid resistance, which results in increased

intraocular pressure (IOP). IOP is the major risk factor of glaucoma, the second-leading cause

of blindness in the developed world. In the search for genes altered by glaucomatous insults,

we identified angiopoietin-like7 (ANGPTL7), a member of the ANGPTL family. Although

structurally related to the angiopoietins, ANGPTL7¢s function is poorly understood. Because

ANGPTL7 is secreted and because extracellular matrix (ECM) deposition and organization is

critical for aqueous humor resistance, we investigated the effect of ANGPTL7 on relevant tra-

becular meshwork ECM genes and proteins. We find that overexpression of ANGPTL7 in pri-

mary human trabecular meshwork cells altered the expression of fibronectin, collagens type I, IV

& V, myocilin, versican, and MMP1. ANGPTL7 also interfered with the fibrillar assembly of

fibronectin. Finally, we find that silencing ANGPTL7 during the glucocorticoid insult signifi-

cantly affected the expression of other steroid-responsive proteins. These results indicate that

ANGPTL7 modulates the trabecular meshwork’s ECM as well as the response of this tissue to

steroids. Together with previous findings, these properties strengthen ANGPTL7¢s candidacy

for the regulation of IOP and glaucoma.

Introduction

Angiopoietin-like (ANGPTL) molecules comprise a
family of proteins that are structurally related to the
angiogenic factors angiopoietins (Oike & Tabata
2009). As angiopoietins, these proteins contain an
N-terminal coiled-coil domain and a C-terminal
fibrinogen-like domain. However, the ANGPTLs are
unable to bind the angiopoietin receptors Tie2 or Tie1
(Kim et al. 2000; Camenisch et al. 2002; Katoh &
Katoh 2006) implying that they would not regulate
blood vessel formation via the same mechanism as the
angiopoietins. There are seven members of ANGPTLs
(from 1 to 7) (Katoh & Katoh 2006). Although some
members of the ANGPTLs (1, 2, 3, 4 and 6) have
been shown to be potent regulators of angiogenesis
(Oike et al. 2004; Hato et al. 2008), they appear to also
exhibit unrelated functions such as induction of

inflammation and regulation of lipid and glucose
metabolism (Ono et al. 2003; Oike et al. 2005; Xu
et al. 2005). ANGPTLs are secreted glycoproteins.
They are found in the culture medium of ANGPTL
transfected cells (Kim et al. 1999; Oike et al. 2004)
(this study), and some of them, in the circulatory sys-
tem of living rats and humans (Oike et al. 2004, 2005).

Angiopoietin-like 7 is the least studied of all family
members. It is a secreted 45-kDa glycoprotein that
folds into a homotetramer structure linked by disul-
fide bonds. ANGPTL7 was originally discovered in
the stromal layer of the cornea and termed cornea-
derived transcript 6 (CDT6) (Peek et al. 1998). In the
cornea, ANGPTL7 ⁄ CDT6 was speculated to function
as a negative regulator of angiogenesis and to possibly
contribute to the avascular nature of this tissue (Peek
et al. 2002). Human melanoma cells stably transfected
with ANGPTL7 ⁄ CDT6 induced changes in some
extracellular matrix (ECM) components in vitro and
led to the reduction of tumor growth in a mouse
xenograph model compared to controls (Peek et al.
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2002). However, subsequent reports using immuno-
competent mice showed that ANGPTL7 ⁄ CDT6 had
no effect on tumor growth (Bouis et al. 2003, 2007),
making controversial the angiogenic properties of this
gene.

Our laboratory first reported that ANGPTL7 ⁄
CDT6 was moderately expressed in the human tra-
becular meshwork (Gonzalez et al. 2000). Sequences
of one thousand clones from the cDNA library of a
perfused postmortem human pair of eyes from a
single individual contained two clones of ANGPTL7 ⁄
CDT6 (Gonzalez et al. 2000). Following studies
showed that the ANGPTL7 ⁄ CDT6 gene was specifi-
cally upregulated by dexamethasone (DEX) in pri-
mary human trabecular meshwork cells (HTM), the
eye tissue associated with regulation of aqueous
humor outflow facility (Lo et al. 2003). In fact, we
showed that ANGPTL7 ⁄CDT6 was among the top
twenty most upregulated genes when comparing
HTM steroid-treated cells to those originating from
the optic nerve head, also treated with DEX (Lo et al.
2003). Our original results have since then been
confirmed and validated by several other laboratories.
Sequences of �3000 clones from nonperfused, pooled
human trabecular meshworks detected 15 ANG-
PTL7 ⁄ CDT6 clones (Tomarev et al. 2003a), placing
the gene among the 15 most abundant in such cDNA
library. In a different study, microarrays analysis of
DEX-treated primary HTM cells showed ANG-
PTL7 ⁄ CDT6 as the second most upregulated gene
when compared to untreated cells (Rozsa et al. 2006).

The trabecular meshwork, localized at the angle
formed by the cornea and the iris, is the main route
for the outflow of the aqueous humor of the eye (Bill
& Mäepea 1994). This tissue, which includes trabecu-
lar meshwork cells and cells of the Schlemm’s canal,
is avascular and is responsible for the maintenance of
intraocular pressure (IOP). The trabecular meshwork
cells are embedded in a loose ECM, which forms a
spongiform-like unique architecture. All components
of the outflow tissue, in particular the composition
and quality of the ECM, play an important role in
establishing the resistance required to attain physio-
logic pressure. Dysfunction of the trabecular mesh-
work leads to an increase in resistance to the eye
fluid and to elevated IOP. Increased IOP creates a
mechanical stress situation which, in a not well-
understood manner, is transmitted to the back of the
eye and exerts damage to the retinal ganglion cells
(RGC) and to their axons (optic nerve). Death of
RGCs impedes transmission of the visual signal to the
brain and results in progressive loss of visual field and

irreversible blindness. The resulting disease is glau-
coma, the second leading cause of blindness world-
wide (Quigley 1996). Elevated IOP is the major risk
factor for glaucoma and lowering IOP is currently the
only available treatment for all types of glaucoma.

Interestingly, the ANGPTL7 ⁄CDT6 gene maps to
the long arm of chromosome 1 (1p36.22), within the
chromosomal locus of the GLC3B region, that has
been associated with a recessive form of congenital
glaucoma (Akarsu et al. 1996). ANGPTL7 ⁄ CDT6 is
located within an intron of the MTOR gene, a ser-
ine-threonine kinase involved in cellular responses to
stress (http://smd.stanford.edu/cgi-bin/source/source
Search). Furthermore, its regulation of expression in
the trabecular meshwork has been associated with
several glaucomatous conditions. In addition of being
highly induced by glucocorticoids (Lo et al. 2003;
Rozsa et al. 2006), which are responsible for steroid
glaucoma (Armaly & Becker 1965; Tripathi et al.
1999), ANGPTL7 ⁄ CDT6 was reported to be the
second most upregulated gene by TGFb2 (Zhao et al.
2004), a growth factor long known to be elevated in
the aqueous humor of glaucoma patients (Tripathi
et al. 1994). A proteomic analysis comparing trabecu-
lar meshworks from normal and glaucomatous
patients showed ANGPTL7 ⁄CDT6 presence only in
the diseased tissue (Bhattacharya et al. 2005). A subse-
quent study analyzing the relevance of ANG-
PTL7 ⁄ CDT6 in glaucoma has been published
(Kuchtey et al. 2008). The authors confirmed the
DEX and TGFb2 induction of ANGPTL7 ⁄CDT6
mRNA at the protein level, and showed a correlation
between levels of ANGPTL7 ⁄CDT6 protein in the
aqueous humor and glaucoma. An increase in colla-
gen type I was also observed in an ANGPTL7 ⁄CDT6
stably transformed HTM cell line. Finally, a recent
report from our laboratory using perfused human
anterior segments, microarrays and real-time Taqman
PCR has shown that expression of ANG-
PTL7 ⁄ CDT6 is strongly upregulated by elevated IOP
in the perfused human trabecular meshwork (Comes
& Borrás 2009).

Because of the high relevance of the trabecular
meshwork’s ECM in the development of glaucoma,
and of the association of overexpression of ANG-
PTL7 ⁄ CDT6 with glaucomatous conditions, in this
report we conducted a comprehensive study of the
effect of ANGPTL7 ⁄ CDT6 in matrix production of
the trabecular meshwork cells. We found that elevated
levels of ANGPTL7 ⁄ CDT6 directly influence relevant
ECM components and that its silencing during DEX
treatment alters expression of DEX-regulated ECM
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genes. ANGPTL7 ⁄CDT6 also affects protein levels
of fibronectin and its distribution in the ECM of
the primary human trabecular meshwork cells. We
propose that this member of the angiopoietin family
has a role in the organization of the ECM and that
it functions as a mediator of DEX-induced
matrix deposition in the human trabecular meshwork
cells.

Results

Characterization of the ANGPTL7 ⁄ CDT6

expression vector pNC1

The cDNA of the pNC1 expression vector was fully
sequenced in both orientations and found to contain
no mutations when compared to GenBank access
number NM_021146. A cesium chloride–purified
preparation was nucleofector-transfected into two dif-
ferent primary HTM cell lines (HTM-55 and HTM-
69). At 72-h post-transfection, both cells and media
were harvested for RNA and protein, respectively.
Normalized real-time TaqMan PCR of the transfect-
ed versus mock-transfected samples showed an
increased expression of ANGPTL7 ⁄ CDT6 of 761-
fold (636 ⁄ 909 range; n = 3; P = 1.0 · 10)7) and
312-fold (244 ⁄ 398 range; n = 3; P = 9 · 10)5) in
HTM-55 and HTM-69, respectively (Fig. 1A). The
transfection was repeated in each of the cell lines with
similar results. Equivalent volumes of concentrated
media from transfected and mock-transfected cells
were analyzed by Western blots. A major protein
band �45 kDa ANGPTL7 ⁄ CDT6 was detected in
the media of cells transfected with pNC1, whereas it
was not detected in the mock-transfected sample
(Fig. 1B). This band corresponds to the glycosylated
form of the ANGPTL7 ⁄ CDT6 protein and it is larger
than the 38 kDa expected by direct translation of its
cDNA sequence (Peek et al. 2002).

Modulation of trabecular meshwork ECM genes’

expression by ANGPTL7 ⁄CDT6

To determine the effect of ANGPTL7 ⁄CDT6 levels
on the expression of ECM relevant proteins, we
either overexpressed or silenced the gene and used
18S-normalized real-time TaqMan PCR to monitor
expression of selected ECM genes. Nucleofector
transfection of 2 lg of pNC1 in HTM-55 primary
cells giving a 2188-fold (1989 ⁄ 2404 range; P =
0.0001) overexpression of ANGPTL7 ⁄ CDT6 resulted
in decrease of fibronectin ()3.2-fold, )3.0 ⁄)3.6 range;

P = 0.000004), collagen type IA1 ()4.8-fold, )4.4 ⁄
)5.0 range; P = 0.00001), collagen type IVA1 ()1.2-
fold, )1.1 ⁄)1.4 range; P = 0.0002), collagen type
VA1 ()2.0-fold, )1.7 ⁄)2.4 range; P = 0.00001),
myocilin ()1.5-fold, 1.2 ⁄)2.6 range; P = 0.0002) and
versican ()2.1-fold, )1.8 ⁄)2.5 range; P = 0.0000004).
MMP1 levels were increased (1.9-fold, 1.3 ⁄ 2.5 range;
P = 0.0002) (Fig. 2A) (n = 3). In another experiment
where the ANGPTL7 ⁄ CDT6 overexpression values
reached 25,832-fold, induced changes on the expres-
sion of ECM proteins were all significant and in the
same direction, with similar or more pronounced fold
values.

Silencing of ANGPTL7 ⁄ CDT6 by nucleofector
transfection of 2 lg of siRNA in the same cell line
reversed the effect. Compared to transfected scrambled
siRNA, ANGPTL7 ⁄ CDT6 levels were reduced
)1.54-fold ()2.5 ⁄ +1.1 range; n = 3; P = 0.00004),
which corresponds to 35% silencing. This silencing
extent lowered the levels of MMP1 ()1.3-fold,
1.4 ⁄)2.4 range; P = 0.01) and had minimal to no
effect on collagen type IVA1 ()1.1-fold, )1.0 ⁄)1.1
range; P = 0.11) and collagen type IA1 (+1.1-fold,
)1.0 ⁄+1.2 range; P = 0.25). Further, it increased the
levels of fibronectin (1.9-fold, 1.6 ⁄2.4 range; P = 0.03),
collagen type VA1 (1.6-fold, 1.4 ⁄1.8 range; P = 0.002),
myocilin (2.0-fold, 1.8 ⁄2.3 range; P = 0.00004) and
versican (1.5-fold, 1.3 ⁄1.7 range; P = 0.03) (Fig. 2B)
(n = 3).

When overexpression and silencing were carried out
in HTM-69 (originated from a different individual),
the effect was very similar. At ANGPTL7 ⁄ CDT6 over-
expression levels of 786-fold (+744 ⁄+830 range), the
transcription levels of six of the seven ECM proteins
were lowered (n = 3). Fibronectin expression
decreased )2.3-fold ()1.9 ⁄)2.7 range); collagen type
IA1, )1.9-fold ()1.6 ⁄)2.3 range); collagen type IVA1,
)1.2-fold (+1.1 ⁄)1.5 range); collagen type VA1,
)1.7-fold ()1.4 ⁄)2.0 range), myocilin, )1.4-fold
()1.2 ⁄)1.8 range), and versican, )4.5-fold ()3.7 ⁄)5.3
range). MMP1 expression did not change. At levels of
ANGPTL7 ⁄ CDT6 silencing of 57% ()2.3 fold), the
normalized expression levels were 1.4-fold (1.1 ⁄1.8
range) for fibronectin; 1.5-fold (1.4 ⁄ 1.5 range) for col-
lagen type IA1; 2.3-fold (2.1 ⁄2.5 range) for collagen
type IVA1; 4.8-fold (3.9 ⁄ 6.1 range) for collagen type
VA1; 2.5-fold (2.2 ⁄ 2.9 range) for myocilin; 1.5-fold
(1.4 ⁄ +1.5) for versican and 1.4-fold (1.3 ⁄ 1.5 range) for
MMP1.

The effect of overexpressing ANGPTL7 ⁄CDT6
on the ECM was also seen at the protein level.
The media of cells transfected with pNC1 at 72-h

ANGPTL7 in the human trabecular meshwork

� 2010 The Authors Genes to Cells (2011) 16, 243–259
Journal compilation � 2010 by the Molecular Biology Society of Japan/Blackwell Publishing Ltd.

245



post-transfection was analyzed for secreted fibronectin
using an ELISA kit. In a representative experiment,
we found that the levels of normalized fibronectin in
the media of HTM-55 were 32.8% of the mock-
transfected cells (n = 3; P = 1 · 10)6). Those in
HTM-69 were 22.9% (n = 3; P = 2 · 10)5) (Fig. 3).
Experiments were repeated in each of the cell lines
with similar results.

We further assessed the structure of fibronectin
fibrils in the extracellular matrix. We allowed cultured
cells to deposit an ECM for 4.5 days and stained for
fibronectin under nonpermeabilized conditions. In
HTM control cells transfected with vehicle, fibronec-
tin appeared as cross-linked fibrils showing the classical

pattern of fibrils attached to the extracellular surface of
cells and reaching to other cells in a network configu-
ration. In contrast, in cells transfected with ANG-
PTL7 ⁄ CDT6, fibronectin appears to be unable to form
fibrils to the same extent seen in the mock-transfected
ones (Fig. 4). Instead, the extracellular fibronectin in
the transfected cells dish exhibited a discontinuous
pattern that remained attached to the surface and
did not form a fibril network. The overall levels of
ECM fibronectin in the cells overexpressing ANG-
PTL7 ⁄ CDT6 were also diminished. As fibronectin is a
key organizer and signaling molecule of the ECM
(Faralli et al. 2009) in the trabecular meshwork, we
next assessed whether the altered fibronectin would

(A) (B)

Figure 1 Analysis of the recombinant ANGPTL7 ⁄ CDT6 plasmid (pNC1) in primary human trabecular meshwork cells. Two pri-

mary HTM cell lines (HTM-55 and HTM-69) were nucleofector-transfected with either ANGPTL7 ⁄ CDT6 plasmid DNA or

mock-transfected, and assayed at 72-h post-transfection. (A) Normalized ANGPTL7 ⁄ CDT6 cDNA in the treated cells versus the

mock-transfected cells. Top panel: representative CT logarithmic curve of the hybridizations of ANGPTL7 ⁄ CDT6 and endogenous

18S cDNAs from treated and mock-transfected cells with their corresponding TaqMan probes. Bottom panel: fold change of ANG-

PTL7 ⁄ CDT6 cDNA in treated versus mock-transfected, normalized to 18S and expressed as fold change mean ± range (n = 3

*P < 0.0001). Upon normalization, the mock-transfected sample is given a value of 1. (B) ANGPTL7 ⁄ CDT6 secreted protein

detection by Western blot analysis. Equivalent volumes of cultured media from cells either mock or transfected with ANG-

PTL7 ⁄ CDT6 were run in 4–15% polyacrylamide gels, transferred to PVDF membranes and incubated with ANGPTL7 ⁄ CDT6

antibody (n = 4). Transfection of the pNC1 recombinant results in the overexpression of ANGPTL7 ⁄ CDT6 mRNA and secreted

protein.
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have a downstream effect on the formation of stress
fibers. After the fibronectin antibody reaction, HTM
cells were permeabilized and stained with rhodamine-
conjugated phalloidin. Although a fully actin network
disruption was not observed, the formation of stress
fibers was clearly compromised (Fig. 4). The fact that
ANGPTL7 ⁄ CDT6 can modulate fibronectin matrix
assembly suggests that levels of this protein could have
profound consequences on the overall structure, sup-
port, and flexibility of the ECM.

Altogether these results suggest that ANG-
PTL7 ⁄ CDT6 had a direct effect on the production
and configuration of structural ECM proteins.

Influence of ANGPTL7/CDT6 on the DEX

induction of trabecular meshwork proteins

Several reports in the literature (Rozsa et al. 2006;
Nehme et al. 2009), including those from our own lab-
oratory (Lo et al. 2003; Borrás 2008b) have shown that
ANGPTL7 ⁄ CDT6 is perhaps the highest DEX-
induced gene in the human trabecular meshwork.
Because DEX is an important trigger of hypertension
(Armaly & Becker 1965; Kitazawa & Horie 1981), and
because DEX specifically upregulates the glaucoma-
associated gene myocilin, we sought to determine
whether ANGPTL7 ⁄CDT6 might have a role in medi-
ating the DEX response of other genes in the trabecular
meshwork cells. For that, we aimed to silence the DEX
induction of ANGPTL7 ⁄ CDT6 with siRNA. Primary
HTM cells were presilenced by nucleofector transfec-
tion of 2 lg of either scrambled control or ANG-
PTL7 ⁄ CDT6 siRNA and treated with DEX 24 h later.
At 48-h post-DEX, cells were harvested for expression
analysis of trabecular meshwork ECM genes. Parallel
wells of HTM cells nucleofector transfected with either
ANGPTL7 ⁄ CDT6 siRNA or a scramble siRNA con-
trol were left untreated for determination of DEX
induction. In the presence of the scramble control,
ANGPTL7 ⁄ CDT6 cDNA was induced 30.3-fold
(26 ⁄ 35.3 range) in the DEX- vs. vehicle-treated cells;
when silenced by the presence of its own siRNA, the

(A)

(B)

Figure 2 Effect of overexpressing and silencing ANG-

PTL7 ⁄ CDT6 gene on the expression of extracellular matrix

(ECM) relevant proteins in primary human trabecular mesh-

work cells, analyzed by real-time TaqMan PCR and expressed as

fold change mean ± range. (A) Fold changes of ECM relevant

genes in cells transfected with ANGPTL7 ⁄ CDT6 cDNA over

mock negative control (n = 3; *P £ 0.03). (B) Expression of

ECM relevant genes in cells transfected with ANGPTL7 ⁄ CDT6

siRNA over scrambled siRNA control (n = 3; *P £ 0.03).

Overexpression of ANGPTL7 ⁄ CDT6 significantly decreases all

tested ECM genes with the exception of MMP1. Silencing of

ANGPTL7 ⁄ CDT6 significantly increases the expression of rele-

vant ECM genes and decreases the expression of MMP1.

Figure 3 Effect of overexpressing ANGPTL7 ⁄ CDT6 gene

cells on secreted fibronectin of trabecular meshwork cells. Cell

culture media from two primary cell lines mock and ANG-

PTL7 ⁄ CDT6 nucleofector transfected were harvested at 72-h

post-transfection. Soluble secreted Fibronectin was quantified

by ELISA as indicated in methods. Reductions of fibronectin

in treated samples are expressed as a percentage from the

mock-transfected controls (mean ± SEM; n = 3; *P <

0.0001). Secreted fibronectin is significantly reduced in trabec-

ular meshwork cells overexpressing ANGPTL7 ⁄ CDT6.
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upregulation was reduced to 6.6-fold (4.8 ⁄ 9.2 range).
This 4.6· (P = 0.03) decrease in levels of ANG-
PTL7 ⁄ CDT6 mRNA and ⁄ or protein in the silenced
cells did affect the DEX induction of all ECM genes in
this study. All ECM genes were either less upregulated,
or more downregulated upon silencing of ANG-
PTL7 ⁄ CDT6 induction. The most affected gene was
FN1 whose DEX-upregulation was reduced 3.4·
(P = 0.001), followed by MYOC whose reduction
was 2.3· (P = 0.004). The remaining genes were
reduced 1.5· (COL1A1, P = 0.093), 1.3· (COL4A1,
VCAN and MMP1, P = 0.13, 0.28, and 0.06 respec-
tively), and 1.2· (COL5A1, P = 0.17). The experi-
ments were repeated in a different primary cell line
with a similar outcome. A 6.5· (P = 0.001) reduction
of ANGPTL7 ⁄ CDT6 provoked a significant reduction
of FN1 (1.5·, P = 0.03), MYOC (1.4·, P = 0.003),
VCAN (1.2·, P = 0.01), and MMP1 (1.8·, P = 0.02).
Although not significantly, the collagen encoding
genes were also reduced: COL4A1 (2.2·, P = 0.05),
COL1A1 (1.5·, P = 0.1), and COL5A1 (1.2·, P =
0.17) (Fig. 5).

Effect of silencing ANGPTL7 ⁄ CDT6 on perfused

human anterior segments

To best mimic an in vivo physiologic situation, and to
confirm findings obtained on primary cells, we studied
the effects of ANGPTL7 ⁄ CDT6 in an intact human
trabecular meshwork. We used the anterior segment–
perfused organ culture system set up with paired eyes
from postmortem human donors, as described in
methods. In this organ culture procedure (Fig. 6A),
the trabecular meshwork conserves its original archi-
tecture and is subjected to similar pressure conditions
as those encountered in a living individual. In addi-
tion, the procedure allows the comparison of two
human eyes from the same individual, and thus,
results are not confounded by different genetic back-
grounds. Because of our ability to deliver naked
siRNA to the trabecular meshwork in this system
(Comes & Borrás 2007), we perfused one eye of each
pair with 100 nM of ANGPTL7 ⁄ CDT6 siRNA
whereas the contralateral eye was perfused with
100 nM of a scrambled siRNA control (Fig. 6A). We

Figure 4 Effect of overexpressing ANGPTL7 ⁄ CDT6 on fibronectin assembly. Primary HTM cells were grown for 4.5 days after

mock and ANGPTL7 ⁄ CDT6 nucleofector transfection. Cells were then fixed and processed for FN1 immunofluorescence under

nonpermeabilized conditions followed by rhodamine-conjugated phalloidin under permeabilized conditions. Cells were stained

with a mouse anti-human fibronectin primary antibody (1 : 100) and an Alexa 594-conjugated donkey anti-mouse secondary

antibody (1 : 1000). Subsequently, cells were permeabilized and stained with rhodamine-conjugated phalloidin (1 : 500). Fluores-

cence images from vehicle and ANGPTL7 ⁄ CDT6 transfected cells were taken at the same resolution, zoom, pinhole size, and

amplitude offset on a confocal laser scanning microscopy with a 40· objective. Pictures were arranged using Adobe Photoshop.
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carried out the experiment in the absence and presence
of DEX and measured the levels of secreted MYOC
protein at 24- and 48-h post-treatment. At the end of
the experiment, we either dissected the trabecular
meshwork tissue to measure gene expression and ⁄or
process wedges for immunohistochemistry. Three eye
pairs from nonglaucomatous postmortem donors were
perfused at 4 lL ⁄min constant flow. The DEX experi-
ment was pretreated with siRNA for 24 h followed by
a combination of siRNA and 0.1 lM DEX for an addi-
tional 48 h.

In the absence of DEX, the mRNA levels in the
ANGPTL7 ⁄ CDT6 siRNA-perfused eye over the
scrambled siRNA-perfused one and normalized with
18S were: )1.34 ± 0.13-fold for ANGPTL7 ⁄CDT6,
1.24 ± 0.13-fold for MYOC and 2.10 ± 0.23-fold
for FN1 (eye #1, n = 3, P = 0.02, 0.04 and 0.002
respectively) (Fig. 6B, left). Equivalent aliquots from
1.7· concentrated effluents from eye #2 analyzed by
a MYOC Western blot showed that the MYOC
band intensities were higher in the eye perfused with
ANGPTL7 ⁄ CDT6 (Chan 1, Fig. 6B, right) than in
the scramble control (Chan 2, Fig. 6B, right) at both
time points.

In the presence of DEX, the mRNA levels in the
ANGPTL7 ⁄ CDT6 siRNA-perfused eye over the
scrambled siRNA-perfused eye and normalized with
18S were: )7.90 ± 0.50-fold for ANGPTL7 ⁄CDT6,
)2.50 ± 0.46-fold for MYOC and )1.36 ± 0.06-fold
for FN1 (eye #3, n = 3, P = 0.00006, 0.002 and
0.000002 respectively) (Fig. 6C, left). Equivalent
aliquots from 1.7· concentrated effluents from the
same eye pair analyzed by a MYOC Western blot
showed that the MYOC band intensities were lower
in the eye perfused with ANGPTL7 ⁄ CDT6 (Chan 1,
Fig. 6C, right) than in the scramble control (Chan 2,
Fig. 6C, right) at both time points.

The increase in MYOC upon treatment with
ANGPTL7 ⁄ CDT6 siRNA could also be observed by
immunohistochemistry of the trabecular meshwork
tissue by MYOC labeling of sections from opposite
quadrants from eye pair #1 (Fig. 7, top). Quantifica-
tion of the intensity of MYOC staining in the region
of the trabecular meshwork using MetaMorph soft-
ware showed that for the same area of 208,676 pixels,
the measure intensity of the ANGPTL7 ⁄CDT6
siRNA treated eye had a higher value than the
control, with intensity values of 17,608,077 and
9,562,985, respectively. Morphology images of the
same eyes, stained with H&E, show that the architec-
ture is well preserved and that the tissue conserved
the canonical layered trabecular meshwork structure
and SC (Fig. 7, bottom). In these images, taken into
account the limitations of light microscopy resolution,
the treated eye appears to have a wider ECM tending
to constrict the Schlemm’s canal.

Discussion

Our interest on the relevance of ANGPTL7 ⁄CDT6
gene (called CDT6 in our earlier publications) in the
trabecular meshwork was sparked by the high induc-
ibility of this gene in the aqueous humor outflow
tissue under conditions associated with glaucoma.
Our recent publication comparing the relative abun-
dance of 21 most relevant genes with their pressure
inducibility in a perfused organ culture system
showed that ANGPTL7 ⁄ CDT6 was the gene with
the highest pressure-inducibility ⁄ abundance ratio
(Comes & Borrás 2009). Although it has not been
directly calculated, this high degree of inducibility
appears to also hold for DEX and TGFb2 inductions
(Lo et al. 2003; Zhao et al. 2004; Rozsa et al. 2006).
The abundance of ANGPTL7 ⁄ CDT6 in the trabe-
cular meshwork is relatively low compared to its
abundance in the cornea, as shown in our perfused

Figure 5 Effect of ANGPTL7 ⁄ CDT6 silencing during dexa-

methasone (DEX) induction of human trabecular meshwork

cells. Primary trabecular meshwork cells were nucleofector-

transfected with ANGPTL7 ⁄ CDT6 siRNA and scrambled

control. At 24-h post-transfection, cells were treated either

with DEX or vehicle for 48 h. Fold change expression of

extracellular matrix relevant genes in DEX over vehicle treated

was determined for both, ANGPTL7 ⁄ CDT6 and scrambled

siRNA transfected cells. Fold changes of each group were nor-

malized to its endogenous 18S and expressed as mean ± range

(n = 3; *P £ 0.03). Silencing of ANGPTL7 ⁄ CDT6 reduces

the induction of FN1 and MYOC genes and increases the

DEX-downregulation of VCAN and MMP1. ANGPTL7 ⁄
CDT6 mediates DEX induction of trabecular meshwork rele-

vant genes.
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tissue cDNA library (Peek et al. 1998; Gonzalez et al.
2000) and in the recent immunohistochemistry
study of Kuchtey (Kuchtey et al. 2008). A higher

abundance was reported in the National Eye Institute
library (15th most abundant gene) (Tomarev et al.
2003b), but it is possible that this high expression had

(A)

(B)

(C)
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been influenced by the medication (very often, ste-
roids) of the patients at the time of death and eye
procurement.

Regarding pressure induction, the presence of four
TCF ⁄ LEF transcription factor–binding sites in the 5¢-
flanking promoter region of ANGPTL7 ⁄CDT6

(Katoh & Katoh 2006) is very intriguing. These
transcription factors are key for the activation of
the WNT ⁄b-catenin signaling pathway (Cadigan
2008), and this pathway has been recently connected
with elevated IOP and glaucoma (Wang et al.
2008; Comes & Borrás 2009). The WNT secreted

Figure 6 Effect of ANGPTL7 ⁄ CDT6 silencing in a perfused, intact human trabecular meshwork in the absence and presence of

dexamethasone (DEX). (A) Schematic representation of the perfused human anterior segment organ culture. Top left: diagram of

the custom made perfusion chamber; Top right: actual photograph of a postmortem human anterior segment mounted to the cham-

ber (a mounting ring holds the tissue in place and provides a leak-proof seal). Bottom: diagram of the perfused system; the culture

chambers are maintained at 37 �C in a CO2 environment; culture medium is perfused using a microinfusion syringe pump at

4 lL ⁄ min; the right eye (channel 1) was perfused with 100 nM solution of ANGPTL7 ⁄ CDT6 siRNA, whereas the left eye (chan-

nel 2) received 100 nM of Scrambled siRNA. The trabecular meshwork tissue was dissected at the end of the experiment and har-

vested for RNA and TaqMan assays. Effluents were collected at 24- and 48-h post-treatment and processed for the analysis of

secreted MYOC. (B) Left: fold changes of ANGPTL7 ⁄ CDT6, MYOC and FN1 in ANGPTL7 ⁄ CDT6- versus Scrambled siRNA,

normalized to 18S and expressed as mean ± SEM. Upon normalization, the Scrambled control is given a value of 1 (eye pair #1,

*P < 0.04). Right: equivalent aliquots of concentrated effluents analyzed by Western blot with a goat anti-human MYOC antibody

(eye pair #2). (C) Eyes were pretreated with the siRNAS for 24 h followed by siRNAs ⁄ DEX for 48 h. Left: fold changes of

ANGPTL7 ⁄ CDT6, MYOC and FN1 in ANGPTL7 ⁄ CDT6- versus Scrambled siRNA, normalized to 18S and expressed as

mean ± SEM. Upon normalization, the Scrambled control is given a value of 1 (eye pair #3, *P < 0.002). Right: equivalent aliqu-

ots of concentrated effluents analyzed by Western blot with a goat anti-human MYOC antibody at 24- and 48-h post-DEX treat-

ment (eye pair #3). Silencing ANGPTL7 ⁄ CDT6 in the intact TM induces the expression of FN1 and MYOC. Silencing

ANGPTL7 ⁄ CDT6 in the intact TM during DEX treatment interferes with the DEX induction of FN1 and MYOC.

Figure 7 Histologic assessment of human trabecular meshworks from anterior segments perfused with ANGPTL7 ⁄ CDT6 and

Scrambled siRNA. Top: MYOC expression examined by immunohistochemistry on OCT-embedded frozen sections from blocks

containing tissue wedges from opposite quadrants of eye pair #1. Ten-micrometer sections were stained with goat anti-human

MYOC and donkey anti-goat Alexa Fluor 594. Bottom: 5-lm paraffin sections from opposite quadrants of the same eye pair

stained with H&E. Quantification of fluorescence intensity showed that MYOC expression is higher in the eye perfused with

ANGPTL7 ⁄ CDT6 siRNA than in the contralateral eye perfused with Scrambled siRNA. Although the architecture of the trabec-

ular meshwork is well conserved in both eyes, the eye perfused with ANGPTL7 ⁄ CDT6 siRNA appears to have more extracellular

matrix that tends to constrict the Schlemm’s canal.
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glycoproteins transmit signals by binding to frizzled
transmembrane receptors. This binding results in the
dephosphorylation and nuclear translocation of
b-catenin, which in turn activates gene expression by
interacting with transcription factors of the TCF ⁄ LEF
family. Array data from our laboratory and others
have shown that the trabecular meshwork expresses a
number of WNT signaling-related genes (Borrás
2008a; Wang et al. 2008; Comes & Borrás 2009). In
addition, WNT antagonists secreted frizzle-related protein
4 (SFRP4) and secreted frizzle-related protein 1 (SFRP1)
are induced by elevated pressure (Comes & Borrás
2009), and SFRP1 expression is elevated in glauco-
matous HTM cells (Wang et al. 2008). It would, then,
be possible to think that the activation of ANG-
PTL7 ⁄ CDT6 by elevated IOP could be mediated by
the activation of the cis-acting WNT regulatory ele-
ments. ANGPTL7 ⁄CDT6 is inserted in an intron of
the MTOR gene in the antisense orientation (Katoh
& Katoh 2006); thus, it is unlikely that its expression
and induction by elevated IOP would be affected by
the expression of the ‘parent’ gene. A look into our
trabecular meshwork pressure array collection showed
that, although the MTOR gene (alias FRAP1 and
FRAP2) is expressed in the tissue, it is not altered by
elevated IOP (unpublished results).

To study the effect of overexpressing and silencing
ANGPTL7 ⁄ CDT6 on matrix production, we ratio-
nally selected a group of ECM proteins known to be
relevant to outflow facility function. We found that
elevated intracellular levels of ANGPTL7 ⁄CDT6
reduced expression of fibronectin, collagen type IA1,
collagen type VA1, versican and to a lesser extent
collagen type IVA1 and myocilin. In contrast, the
expression of MMP1 was induced. When we silenced
trabecular meshwork ANGPTL7 ⁄CDT6 expression
with its siRNA, the subsequent expression of the
same ECM genes was reversed.

Fibronectin is one of the most important ECM
proteins of the trabecular meshwork (Hann et al.
2001; Faralli et al. 2009). Soluble fibronectin is
secreted by the cells, binds to the cell surface a5b1
integrin and assembles into fibrils around the periph-
ery of the cells (Mao & Schwarzbauer 2005; Dallas
et al. 2006). Fibronectin provides mechanical support
to the trabecular meshwork tissue, and changes in its
expression have been observed in glaucoma patients
(Hann et al. 2001) as well as under conditions that
would lead to increased resistance (Faralli et al. 2009).
Its different binding domains, which bind to the inte-
grin receptors and to ECM proteins, have been impli-
cated in modifying outflow facility characteristics such

as signal transduction, cell attachment, and cell con-
traction (Faralli et al. 2009).

In this study, transcription of fibronectin was
decreased by ANGPTL7 ⁄CDT6 overexpression and
this reduction was reversed by the silencing of the
gene. Secreted fibronectin was also diminished in
ANGPTL7 ⁄ CDT6-transfected cultures. Furthermore,
in these cultures, the formation of fibronectin in
fibrils was altered, showing a more punctate pattern
and a lack of network formation. These changes
seemed to have a downstream effect on the actin net-
work and could influence outflow facility. Because
increases in fibronectin have been mostly associated
with characteristics that increase outflow resistance
(Faralli et al. 2009), one would speculate that overex-
pression of ANGPTL7 ⁄ CDT6 tends to facilitate
rather than obstruct aqueous humor outflow. In other
words, the induction of ANGPTL7 ⁄ CDT6 observed
with DEX, TGFb2, and elevated IOP (Lo et al.
2003; Zhao et al. 2004; Borrás 2008b; Comes & Bor-
rás 2009; Nehme et al. 2009) could be the reflection
of a counteractive or defense mechanism against ele-
vated IOP instead of a detrimental one. This hypoth-
esis is supported by the results on the effects of
ANGPTL7 ⁄ CDT6 on MMP1 expression. In the
same RNA samples where fibronectin was reduced,
MMP1 was elevated; correspondingly, when fibro-
nectin was increased, MMP1 was reduced. MMP1 is
an interstitial collagenase that breaks down ECM
collagens. This enzyme has been widely studied in
the trabecular meshwork and it has been shown to
increase outflow facility in organ cultures (Bradley
et al. 1998), to be upregulated by glaucoma drugs
(Hinz et al. 2005), and to reduce IOP in living ani-
mals (Gerometta et al. 2010).

Fibronectin (secreted and surface-associated fibro-
nectin) is also downregulated in cells overexpressing
myocilin (Shen et al. 2008). As overexpression of
ANGPTL7 ⁄ CDT6 reduced myocilin, and silencing
ANGPTL7 ⁄ CDT6 increased its expression, it would
seem that the effects of ANGPTL7 ⁄ CDT6 on fibro-
nectin expression are of a direct nature and override
the effects of myocilin on fibronectin (on this protein).
Experiments simultaneously overexpressing and ⁄ or
silencing ANGPTL7 ⁄CDT6 and myocilin would help
to elucidate a potential synergy between both genes.

Our results on collagen type I mRNA do apparently
disagree with the higher levels of the collagen deposi-
tion observed in ANGPTL7 ⁄CDT6 stably transformed
cells (Kuchtey et al. 2008). This could perhaps be
because of the difference of using transformed versus
primary trabecular meshwork cells, or that collagen
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type I is subjected to a post-transcription regulation in
these cells.

ANGPTL7 ⁄ CDT6 overexpression reduced total
versican transcription. Although some splicing iso-
forms of versican were reported to be upregulated,
total versican expression was shown to be reduced
after subjecting trabecular meshwork cells to mechan-
ical stretch (Keller et al. 2007). Versican is a chon-
droitin sulfate glycosaminoglycan that binds to
fibronectin and several other ECM components
(Wight 2002). It comprises a high portion of the
chondroitin sulfates in the trabecular meshwork, and
it is known to contribute to outflow resistance and to
be elevated in glaucoma patients (Knepper et al.
1996, 2005). Thus, a reduction in versican would
lead to an unbalance in the organizational structure of
the ECM in a manner that could facilitate the flow of
aqueous humor.

Studies from our laboratory and those of others have
shown the high inducibility of ANGPTL7 ⁄ CDT6 by
the glucocorticoid DEX. Glucocorticoids are potent
immunosuppressants that induce ocular hypertension
in steroid-responsive patients (Armaly & Becker 1965;
Kitazawa & Horie 1981). However, the genes and
mechanisms of steroid glaucoma are not well under-
stood. Here, by comparing DEX-scrambled to vehicle-
scrambled, and separately, DEX-ANGPTL7 ⁄CDT6
siRNA to vehicle-ANGPTL7 ⁄ CDT6 siRNA, we are
able to look at the effect of ANGPTL7 ⁄ CDT6 on the
glucocorticoid induction of other ECM genes. We find
that reducing the high levels of ANGPTL7 ⁄CDT6
during DEX treatment affects the induction of other
ECM landmark genes, such as myocilin, fibronectin,
versican, and MMP1. These results suggest that ANG-
PTL7 ⁄ CDT6, in addition to influencing directly the
expression of the ECM genes (Fig. 2), is also affecting
their induction by the glucocorticoid (Fig. 5). Whether
these two functions are connected is not yet clear.

In summary, our studies of the effect of ANG-
PTL7 ⁄ CDT6 on the ECM of the trabecular mesh-
work show that this member of the angiopoietin-like
protein family might play an important role in the
deposition and organization of the matrix of the out-
flow tissue. Furthermore, they show that interference
with ANGPTL7 ⁄ CDT6 induction by glucocorticoids
significantly affects the induction of key glaucoma-
related proteins, such as fibronectin, myocilin, versi-
can, and MMP1. These findings, together with our
previous results on its upregulation by elevated IOP
(Comes & Borrás 2009), establish this gene-protein as
a strong candidate for a potential management of
glaucoma.

Experimental procedures

Primary cultures of outflow pathway cells

Primary cell lines HTM-41 and HTM-55 were generated,

respectively, from the eye pairs of 18- and 25-year-old nonglau-

comatous human donors obtained from the Lions Eye Bank of

Oregon and National Disease Research Interchange after signed

consent of the patients’ families. All procedures were in accor-

dance with the Tenets of the Declaration of Helsinki. For isola-

tion of HTM cells, the trabecular meshwork was isolated from

surrounding tissue under a dissecting microscope by making

incisions both anterior and posterior to the meshwork and

removing it using forceps. The tissue was then cut into small

pieces and treated with 1 mg ⁄ mL collagenase type IV (Wor-

thington, Lakewood, NJ, USA) in Phosphate-Buffered Saline

(PBS, Invitrogen-Gibco) and incubated at 37 �C in a shaker

water bath for 1 h as described (Vittitow & Borrás 2004). Incu-

bation was followed by low-speed centrifugation for 5 min. Pel-

let was resuspended in 4 mL of Improved Minimal Essential

Medium (IMEM; Biofluids) supplemented with 20% Fetal

Bovine Serum (FBS; Invitrogen-Gibco) and 50 lg ⁄ mL genta-

micin (Invitrogen-Gibco). Resuspended tissue was plated on a

single, 2% gelatine-coated 35-mm dish and maintained in a

37 �C, 7% CO2 incubator. The medium was changed every

other day and once confluent (2–3 weeks), cells were passed to a

T-25 flask and labeled as a passage 1. Subsequently, cells were

passed 1 : 4 at confluency and maintained in the same medium

with 10% FBS (complete IMEM). The HTM-69 and HTM-

137 cell lines were generated, respectively, from the trabecular

meshworks dissected from residual cornea rims of 29- and 39-

year-old donors after surgical corneal transplants at the Univer-

sity of North Carolina Eye Clinic. The tissue was cut into small

pieces, carefully attached to the bottom of the 2% gelatine-

coated 35-mm dish, and covered with a drop of IMEM medium

supplemented with 20% FBS and 50 lg ⁄ mL gentamicin and a

cover slip. Cells from this specimen were not treated with

enzymes and were allowed to grow from the explant for a period

of 4 weeks changing the media every other day; upon conflu-

ency, cells were treated as described. These primary nontrans-

formed cells subsist for nine to ten passages. In this study, all cells

were used at passage 5. These outflow pathway cultures

comprise all cell types involved in maintaining resistance to flow.

These include cells from the three distinct regions of the trabe-

cular meshwork plus cells lining the Schlemm’s canal. Because

most of the cells in these cultures come from the trabecular

meshwork, they are commonly referred to as ‘trabecular

meshwork cells’.

Generation of the ANGPTL7 ⁄CDT6 expression

vector

Human ANGPTL7 ⁄ CDT6 cDNA was amplified by PCR

from primary HTM cells (HTM-41) treated with DEX for

10 days. Total RNA, extracted as indicated in the following

paragraphs, was reverse transcribed using the RETROscript kit
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(Ambion). Briefly, 1 lg of total RNA was mixed with 2 lL

of 50 lM random decamers in a total of 12 lL, heated at

75 �C for 2 min and cooled on ice. The reaction continued in

a 20-lL mix containing 2 lL of 10· RT buffer, 4 lL dNTP

(2.5 lM each), 1 lL RNase inhibitor (10 U), and 1 lL

M-MuLV reverse transcriptase (100 U). The reaction mixture

was incubated at 42 �C for 60–90 min and terminated at

92 �C for 2 min. ANGPTL7 ⁄ CDT6 cDNA amplification was

carried using forward 5¢-CAC CCA AAC CCA CAA AAG

ATG CTG-3¢ and reverse 5¢-TTA AGG CTT GAA GTC

TTC TGG GCG-3¢ specific primers, yielding an amplification

product of 1058 bp (231–1280 nt in gene bank sequence

access number NM_021146). PCR was carried out in a 50-lL

reaction mixture containing 5 lL 10· high-fidelity PCR buf-

fer, 1 lL dNTP (10 lM each), 2 lL MgSO4 (50 lM), 4 lL

primers (5 lM each), 1 lL template cDNA and 1 lL Plati-

num� Taq High Fidelity DNA Polymerase (5 U) (Invitrogen).

Amplification was carried out at 94 �C for 4 min, 38 cycles of

94 �C for 30 s, 55 �C for 1 min, 72 �C for 30 s, and a final

extension at 72 �C for 7 min. PCR products were electropho-

resed on a 1.5% SuperAcryl agarose gel containing 25 ng ⁄ mL

ethidium bromide, gel purified, sequenced, and cloned into

pcDNA 3.1.V5-His-TOPO� TA expression vector (Invitro-

gen). The resulting plasmid, pNC1, was restricted and

re-sequenced to confirm orientation and reading frames.

Plasmid DNA was isolated using a Midi-Prep plasmid kit

(QIAGEN) and further purified by double binding in a cesium

chloride gradient. Alternatively, plasmid DNA was purified

using the Power Prep Express PCR Purification kit (Origene),

which resulted in lower toxicity after the nucleofector trans-

fection (not shown).

Nucleofector transfection of primary HTM cells

Human ANGPTL7 ⁄ CDT6 was transfected to cultured primary

HTM cells using nucleofector technology (Amaxa Lonza) and

their basic kit from Primary Mammalian Endothelial Cells

according to manufacturer’s directions. Pilot experiments with

4 · 105 nontransformed HTM cells and 2 lg of pMax green

fluorescent protein plasmid provided in the kit were used to

determine conditions for maximum transfection efficiency. Of

the built-in programs, program T-23 was found to result in an

approximate 80% efficiency viability for HTM cells (not

shown); thus, it was selected for consecutive studies. For this

transfection procedure, cells were split 24 h before transfection

to obtain 70–80% confluency. Cells were then trypsinized,

counted with a hemacytometer (Hausser Scientific), and cen-

trifuged at 100 g for 10 min. Cell pellets were resuspended in

full strength proprietary mammalian endothelial solution pro-

vided in the kit at a concentration of 4 · 105 cells ⁄ 100 lL.

Upon the addition of approximately 0.5 lL (2 lg) of ANG-

PTL7 ⁄ CDT6 or equivalent volume of H2O as a control, the

cell-DNA mix was electroporated on the nucleofector appara-

tus (Amaxa Lonza) using program T-23. Immediately after

electroporation, the cell-DNA solution was allowed to recover

for 15 min in the CO2 incubator, inside an eppendorf tube

containing 0.5 mL of prewarmed complete IMEM medium.

After the recovery period, cells were gently transferred to

warm medium-containing 3-cm dishes. Twenty-four hours

after transfection, media was changed and subconfluent HTM

cells were maintained in IMEM medium in the presence of

serum for an additional 48 h. Transfected cells were washed

2· with PBS and scraped from the dish using 350 lL guani-

dine thiocyanate buffer (RLT; QIAGEN). Cells were then

processed for RNA extraction as indicated in the following

paragraphs.

RNA extraction and reverse transcription reaction

RNA extraction was carried out by resuspending cellular

pellets in 350 lL of guanidine thiocyanate buffer (RLT;

QIAGEN) and loading the homogenized solution onto a

QIAshredder� column (QIAGEN). The extraction continued

by the use of the RNeasy Mini kit with RNase-free DNase

digestion on the column provided according to manufacturer’s

recommendations (QIAGEN). Total RNA recoveries averaged

2.6 ± 0.06 lg per 3-cm dish culture. Reverse transcription

(RT) reactions and followed-up normalized cDNA quantifica-

tion were carried out by real-time TaqMan PCR technology

(Applied Biosystems, ABI). For the real-time TaqMan PCR

procedure, the RT reactions were conducted with approxi-

mately 1 lg of spectrophotometrically measured total RNA in

a 25 lL total volume of proprietary RT buffer containing

random primers, dNTPs and 62.5 U of Multiscribe MuLV

RT enzyme with RNAse inhibitor (High Capacity cDNA kit;

ABI) following manufacturer’s recommendations (25 �C
10 min, 37 �C 2 h).

Transfection of short-interfering RNA on primary

HTM cells

The Silencer� predesigned human ANGPTL7 ⁄ CDT6 siRNA

(ID number 121883) and nontargeted scramble Silencer�

Negative Control number 1 siRNA (catalog number 4635)

were synthesized by Ambion. The siRNA sense and antisense

sequences targeting ANGPTL7 ⁄ CDT6 (GenBank NM_

021146) were 5¢-GCA CAA GAC ACC AGC ACA Gtt-3¢
and 5¢-CUG UGC UGG UGU CUU GUG Ctt-3¢, respec-

tively. ANGPTL7 ⁄ CDT6 siRNA was reconstituted to a final

concentration of 100 lM in 200 lL of RNAse-free water and

stored in aliquots at )20 �C. The negative control siRNA was

comprised of a 19-bp (base pair) scrambled sequence and was

reconstituted in the same manner but to a final concentration

of 50 lM.

Primary HTM cells were transfected with siRNAs also

using the nucleofector technology described earlier. Volumes

of 1.2 lL or 2.4 lL from ANGPTL7 ⁄ CDT6 siRNA (100 lM)

or scramble siRNAs (50 lM) respectively, were mixed with

4 · 105 cells in 100 lL of endothelial media, electroporated,

let to recover and transferred to 3 mL full IMEM medium.

Final siRNA concentration in the subconfluent dishes was
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27 nM. Twenty-four hours after transfection, media was chan-

ged and HTM cells treated with DEX for 48 h in the presence

of serum followed by an additional 24 h serum-free medium

containing DEX or vehicle. Dexamethasone (DEX; Sigma)

stock solution was prepared by adding absolute ethanol to the

commercial vial obtaining a final concentration of 0.1 mM and

kept at 4 �C. The DEX stock solution of 0.1 lM was diluted

1000· (100 nM final concentration) in IMEM media before

use. Parallel dishes received IMEM medium containing the

drug vehicle under the same conditions. At the end of each

treatment, cells were washed two times with PBS, lysed with

350 lL guanidine thiocyanate buffer and processed for RNA

extraction as indicated earlier.

Quantification of gene expression by Real-Time

TaqMan PCR

Normalized cDNA quantification was carried out by real-time

TaqMan PCR (ABI). For that, fluorescently labeled TaqMan

probes ⁄ primers sets of selected genes were purchased from

the ABI TaqMan Gene Expression collection (http://www.

allgenes.com). The ANGPTL7 ⁄ CDT6 probe corresponded

to sequences from exons 1 and 2 (Hs00221727_m1), FN1

probe corresponded to sequences from exons 40 and 41

(Hs00415006_m1), COL1A1 probe corresponded to sequences

from exons 1 and 2 (Hs00164004_m1), COL4A1 probe corre-

sponded to sequences from exons 20 and 21 (Hs00266237_

m1), COL5A1 probe corresponded to sequences from exons

16 and 17 (Hs00609088_m1), MYOC probe corresponded to

sequences from exons 2 and 3 (Hs00165345_m1), CSPG2

probe corresponded to sequences from exons 3 and 4

(Hs00171642_m1), MMP1 probe corresponded to sequences

from exons 6 and 7 (Hs00233958_m1), and the 18S rRNA

probe corresponded to sequences surrounding position nucleo-

tide 609 (Hs99999901_s1). Reactions were carried out in 20-

ll aliquots using TaqMan Universal PCR Master Mix No

AmpErase UNG (ABI), ran on an ABI Prism 7500 Real-Time

PCR System Sequence Detection System (SDS) and analyzed

by 7500 System SDS software (ABI). Relative Quantification

(RQ) values between treated and untreated samples were

calculated by the formula 2)DDCT, where CT is the cycle at

threshold (automatic measurement), DCT is CT of the assayed

gene minus CT of the endogenous control (18S rRNA), and

DDCT is the DCT of the normalized assayed gene in the trea-

ted sample minus the DCT of the same gene in the untreated

one (calibrator). Because of the high abundance of the 18S

rRNA, and in order to get a linear amplification, RT reactions

from control and experimental samples were diluted 104 times

before their hybridization to the 18S TaqMan probe. Relative

quantification values >1 correspond to increased fold changes.

Relative quantification values <1 correspond to a fraction of

the gene expression and were converted to decreased fold

changes by the formula )1 ⁄ 2)DDCT. That is, an RQ of four

corresponds to an increased expression of 4-fold (+4), whereas

an RQ of 0.25 corresponds to a reduction of expression of

4-fold ()4).

Western blot analysis

Human trabecular meshwork cells primary cells pretransfected

with either H2O (negative control) or human ANG-

PTL7 ⁄ CDT6 were assayed for levels of ANGPTL7 ⁄ CDT6

protein. Cultured cells were washed 2· with cold PBS pH 7.4

and scraped from the dish with 100 lL of modified RIPA

buffer containing 1· protease inhibitor cocktail (Roche).

Forty-eight-hour post-transfection serum-containing medium

was replaced with serum-free medium. After 24 h, 4 mL of

cell media from each condition were centrifuged at 470 g for

10 min to remove cellular debris. Cleared media containing

secreted cell products were applied to NAP-10 columns (GE

Healthcare Biosciences) to exchange the buffer to 0.1 M Tris-

HCl pH7.4 (Sigma-Aldrich) and then concentrated (40·) with

an Amicon Ultra-4 Filter Device (Millipore) at 2135 g, 4 �C.

Aliquots of 1.5 lL were mixed (1 : 2 vol) with Laemmli buf-

fer (Bio-Rad) containing 5% b-mercaptoethanol and loaded

onto 4–15% SDS–PAGE Tris-HCl polyacrylamide gels (Bio-

Rad). After running, gels were electro-transferred to PVDF

membranes (Bio-Rad), which were blocked with 5% nonfat

dry milk (Bio-Rad) in PBS-0.2% Tween 20 (Sigma-Aldrich)

for 2 h and incubated overnight at 4 �C with ANG-

PTL7 ⁄ CDT6 goat polyclonal IgG antibodies (Proteintech

Group) (1 : 200). Primary antibody reaction was followed by

incubation with anti-rabbit IgG secondary antibodies conju-

gated with horseradish peroxidase (1 : 5000; Pierce Biotech-

nology) for 1 h at room temperature. Immunoreactive bands

were visualized by chemiluminescence ECL Plus Western

blotting detection system (GE Healthcare Biosciences) and

membranes were exposed to light film (BioMax MR; Kodak).

ANGPTL7 ⁄ CDT6 bands from HTM cells overexpressed with

ANGPTL7 ⁄ CDT6 were captured using a ChemiDoc System

equipped with a Chemi-cooled CCD camera, PCI digitizing

image acquisition board, EpiChemi II Darkroom with transil-

luminator and LabWorks Software (UVP, Upland). Normali-

zation for the distinct ANGPTL7 ⁄ CDT6 bands intensities was

subsequently carried out using the total protein concentration

of each sample, which was measured using a Bradford Protein

Assay (Bio-Rad).

For the organ culture, effluents were concentrated (1.7·),

run, and processed as indicated earlier. Membranes were incu-

bated overnight at 4 �C with a goat anti-human MYOC anti-

body (1 : 200; R&D Systems), washed, and incubated with

anti-goat IgG secondary antibodies conjugated with horserad-

ish peroxidase (1 : 2000; Pierce Thermo Fisher Scientific,

Rockford, IL, USA) for 1 h at room temperature. Immuno-

reactive bands were visualized by chemiluminescence.

Quantification of fibronectin protein by ELISA

Soluble Fibronectin from human trabecular meshwork culture

media was determined using the QuantiMatrixTM Human

Fibronectin ELISA Kit (Millipore) following manufacturer’s

recommendations. This assay is in the format of a competitive

inhibition ELISA and human fibronectin is precoated on the
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wells of the strips in a 96-well microtiter plate holder. Fibro-

nectin standard dilutions ranging from 3 ng ⁄ mL to

1000 ng ⁄ mL were prepared from a reconstituted stock solution

(1 g ⁄ mL). Total protein of the cells medium was determined

by the Bradford assay. Sixty lL of each experimental sample

were used for the ELISA and the concentration of all samples

fell within the range of the standard curve. Standards and sam-

ples were then preincubated for 10 min at room temperature

with a solution containing polyclonal rabbit antibodies to

human fibronectin. The mixtures were transferred in triplicates

to the human fibronectin-coated plate previously rehydrated

with washing buffer. After 1 h, the plate was rinsed and incu-

bated with goat anti-rabbit IgG-HRP conjugated for 30 min

at room temperature. TMB ⁄ E substrate was added to develop

the color after washing. Reactions were stopped when the

color of the highest concentration of the standard turned

bright blue. The plate was read immediately at 450 nm using

an automatic microplate reader (Fluostar Optima; BMG Lab-

technologies, Cary, NC, USA). The fibronectin concentration

of samples was interpolated from the standard curve values and

normalized to total protein. As only free rabbit anti-human

fibronectin from standards and samples binds to the fibronectin

coated on the plate, the intensity of the color was inversely

proportional to the amount of fibronectin in each sample.

Perfused human anterior segment organ cultures

Three pairs of normal, nonglaucomatous human eyes from

donors ages 62–78 were obtained from national eye banks

(North Carolina Eye Bank, NC; National Disease Research

Interchange, (NDRI, PA) after signed consent of the patients’

families. All procedures were in accordance with the Tenets of

the Declaration of Helsinki. Whole eye globes within 24–40 h

of death were dissected at the equator, cleaned and mounted

on custom-made perfusion chambers as described previously

(Borrás et al. 1999, 2002). Perfusion was conducted at constant

flow at 4 lL ⁄ min with serum-free high glucose DMEM (Gib-

co Invitrogen) using a Harvard microinfusion pump (Harvard

Bioscience). Pumps were controlled by a custom-made com-

puter program (Infusion Pump Control Program, University of

North Carolina Chemistry Department, Electronic Design

Facility). Anterior segments were maintained at 37 �C, 5%

CO2 and perfused for 24 h to establish a stable baseline (steady

pressure recordings for at least 10 h). The average outflow

facility (C: flow ⁄ pressure in lL ⁄ min ⁄ mmHg) of the perfused

eyes at baseline was C = 0.19 ± 0.04 (n = 5). The sixth eye

had a C of 1.55 as a result of a technical low pressure. Treat-

ment was carried out by continuous perfusion of the siRNAs

and ⁄ or combined DEX-siRNA diluted in DMEM perfusion

medium. Final concentration of the siRNAs and DEX were

100 nM each. Fresh siRNA and ⁄ or DEX-siRNA were chan-

ged from the syringes every 24 h. Effluents were collected at

the indicated times and saved at )20 �C until processed. At

the end of the experiment, anterior segments were cut in sev-

eral wedges that were either immersed in 4% paraformalde-

hyde, 4% paraformaldehyde ⁄ 2.5% glutaraldehyde or RNAlater

(Ambion), for immunohistochemistry, morphology and gene

expression.

Immunocytochemistry, immunohistochemistry,

and light microscopy

Passage 4 primary HTM-137 cells at subconfluent density were

nucleofector-transfected and immediately plated onto coated

four-well glass chamber slides (Lab-Tek, Nalgene Nunc) at

62,500 cells ⁄ well. To coat the chamber slides, we added 2%

porcine gelatin, and upon removal, incubated them overnight

under UV light in a laminar flow hood. Cells were maintained

in complete IMEM medium for 4.5 days to allow deposition

of extracellular matrix. Cells were then washed 2· with PBS,

fixed with fresh 4% paraformaldehyde in PBS for 5 min and

washed three more times with PBS (5 min each wash). Non-

permeabilized cells were blocked with 10% donkey serum for

20 min and incubated overnight at 4 �C with mouse anti-

human fibronectin (BD Biosciences) at a 1 : 100 dilution in

PBS ⁄ 1.5% donkey serum. After primary antibody incubation,

cells were washed, followed by staining with Alexa 594-

labeled donkey anti-mouse (Invitrogen) for 1 h at room tem-

perature and an additional wash. Subsequently, cells were per-

meabilized with 0.1% TritonX-100 in PBS for 5 min, washed,

blocked in 10% goat serum for 20 min, washed, and stained

with rhodamine-conjugated phalloidin (1 : 500; Sigma) for

1 h. An aliquot of a DAPI solution (final 1 : 1000·; Invitro-

gen) was added to the cells for the last 5 min. After washing,

cells were mounted with Fluoromount-G (Southern Biotech),

and same fields were imaged by confocal microscopy (SP2

AOBS; Leica). Confocal images for ANGPTL7 ⁄ CDT6 trans-

fected and controls were captured using the same resolution,

zoom, pinhole size, and amplitude offset. Digital images were

arranged with image analysis software (Photoshop CS; Adobe).

Negative controls were run in parallel but incubated in 1.5%

donkey serum PBS in place of the primary antibodies.

Tissue wedges from opposite quadrants of eye pair #1 were

fixed by immersion overnight at room temperature in 4%

paraformaldehyde in PBS for immunohistochemistry and in

4% paraformaldehyde ⁄ 2.5% glutaraldehyde for morphology.

For cryosections, specimens were consecutively washed in 10%

sucrose (6 h), 30% sucrose (overnight) and frozen in Tissue-

Tek OCT (Sakura Finetek, Torrance, CA, USA) in liquid

nitrogen. Meridional 10-lm sections were mounted on

charged Superfrost Plus microscope slides (Thermo Fisher Sci-

entific). For the MYOC detection, sections were dried at

room temperature and blocked with donkey serum for 1 h.

Tissue sections were then incubated overnight at 4 �C with

MYOC primary antibody (1 : 100 diluted in 0.3% TritonX-

100, 7.5% donkey serum in PBS; R&D Systems) followed by

incubation with donkey anti-goat Alexa Fluor 594 secondary

antibody (1 : 500 diluted in 0.3% TritonX-100, 7.5% donkey

serum in PBS; Molecular Probes Invitrogen) at room tempera-

ture for 3.5 h. Sections were subsequently washed 3·
with PBS (10 min each), mounted with coverslips and Fluoro-

mont-G (Southern Biotech) and sealed with clear enamel.
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Fluorescence imaging was conducted with an Olympus IX71

fluorescence microscope, and images were captured using an

Olympus DP70 camera and accompanying software. Images

from corresponding ANGPTL7 ⁄ CDT6- and scramble-siRNA-

treated sections were taken at the same exposure. Digital

images were arranged with image analysis software (Photoshop

CS; Adobe, Mountain View, CA, USA). Negative controls

were run in parallel but were incubated in blocking buffer in

place of the primary antibody. Quantification of the fluores-

cence intensities in treated and control images was carried out

using MetaMorph for Olympus digital imaging software

(Olympus). Total intensity of the area of the trabecular

meshwork was measured in the red channel by tracing the

region in the treated image and transfer it to the control image

using the transfer region and region statistics tools of the pro-

gram.

For morphology, specimens were rinsed in distilled water

after fixation and transferred to 70% ethanol for delivery to the

UNC Histology Core for paraffin embedding. Meridional,

5-lm sections were stained with Hematoxilin and Eosin

(H&E) for light microscopy evaluation.
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