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PURPOSE. To investigate the possibility that Angiopoietin-like 7
(ANGPTL7) protein is involved in the pathogenesis of glau-
coma.

METHODS. Primary human trabecular meshwork (TM) cells and
corneoscleral explants were stimulated with either dexameth-
asone (DEX) or transforming growth factor � (TGF�), and
ANGPTL7 protein secreted into culture medium was deter-
mined by Western blot analysis. The effect of stable overex-
pression of ANGPTL7 in transfected immortalized TM cell lines
on collagen expression was investigated by immunocytochem-
istry. Localization of ANGPTL7 protein in human eyes was
determined by immunohistochemistry. The concentration of
ANGPTL7 protein in aqueous humor (AH) from patients with
glaucoma and control patients was compared by Western blot
analysis. The beagle model of primary open-angle glaucoma
(POAG) was used to correlate ANGPTL7 protein levels in
canine AH with disease progression.

RESULTS. TGF� and DEX stimulated secretion of ANGPTL7 pro-
tein by TM cells and corneoscleral explants. Overexpression of
ANGPTL7 by immortalized TM cell lines increased expression
of type I collagen. Expression of ANGPTL7 protein was located
in the corneal stroma, near the limbus, and throughout the
sclera, with lower expression in the TM. In the lamina cribrosa,
ANGPTL7 expression was associated with the cribriform
plates. The concentration of ANGPTL7 protein was elevated in
AH from patients with glaucoma and increased as disease
progressed in POAG beagle dogs.

CONCLUSIONS. Induction of ANGPTL7 secretion by glaucoma
stimuli and increased concentration of ANGPTL7 in glaucoma-
tous AH suggest that ANGPTL7 is overexpressed in glaucoma.
Since overexpression of ANGPTL7 increases collagen expres-
sion, a potential disease mechanism, ANGPTL7 could have a
pathogenic role in glaucoma, and may serve as a potential

therapeutic target. (Invest Ophthalmol Vis Sci. 2008;49:
3438–3448) DOI:10.1167/iovs.07-1347

Glaucoma is a complex set of diseases that cause visual
impairment and blindness due to death of retinal ganglion

cells, with elevated intraocular pressure (IOP) as an important
risk factor. There are probably multiple pathways leading to
glaucoma involving interactions between genetic and environ-
mental factors1,2 and changes in gene expression patterns.
Many studies have used microarray technology to search for
genes that may have altered expression in glaucoma and there-
fore may be pathogenic.3–11 A challenge now is to choose
specific candidates from these lists for further evaluation.

We chose to investigate the possible involvement in glau-
coma of angiopoietin-like 7 (ANGPTL7), also known as cornea-
derived transcript 6 (CDT6), in part because it has been iden-
tified by microarray to be a highly induced mRNA in response
to either dexamethasone (DEX) or transforming growth factor
� (TGF�) treatment of trabecular meshwork (TM) cells.8,9,11

ANGPTL7 was also identified as possibly being associated with
primary open-angle glaucoma (POAG) in a proteomics study of
TM tissue.12 The chromosomal location of the ANGPTL7 gene
(1p36.22)13 is within the GLC3B locus (1p36.2-1p36.1) of
primary congenital glaucoma,14 further supporting ANGPTL7
as a candidate glaucoma gene.

ANGPTL7 is a member of the angiopoietin-like (ANGPTL)
family of proteins that have high sequence and structural ho-
mology to the angiopoietins, which are important regulators of
angiogenesis.13 Currently, seven members of the ANGPTL fam-
ily have been identified (ANGPTL1-7), all of which are secreted
proteins that form multimers via amino-terminal coiled-coil
domains and contain carboxyl-terminal fibrinogen-like do-
mains. All ANGPTL proteins studied to date have been shown
to be involved in blood vessel formation or neovascularization
in several models,15–17 including corneal angiogenesis as-
says.17,18 In addition, ANGPTL proteins have been demon-
strated to play an important role in lipid metabolism by inhi-
bition of phospholipid lipase.19–22 The lipid and vascular
functions are mediated by distinct protein domains, with the
amino-terminal coiled-coil domain mediating lipid metabo-
lism22–24 and the carboxyl-terminal fibrinogen-like domain me-
diating vascular effects.18 ANGPTL proteins appear to be bi-
functional, with both functions demonstrated for most of the
family members studied.

ANGPTL7 was first identified as highly expressed in a hu-
man corneal cDNA library,25 and the protein has been shown
to be secreted as disulfide-linked multimers.26 Because of its
corneal location, it was initially speculated that ANGPTL7 may
have antiangiogenic properties. In a mouse tumor model, vas-
cularization of tumors overexpressing ANGPTL7 was distorted,
with deposits of collagen types I and V and proteoglycans near
vascular endothelia.26 Melanoma cell lines transfected with
ANGPTL7 also produced more collagen types I and V than did
the vector-transfected control cells.26
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The potential to alter collagen homeostasis makes ANGPTL7
an attractive candidate for involvement in glaucoma’s patho-
genesis. To investigate this possibility, we extended previous
microarray findings to the protein level. Consistent with pre-
vious studies, ANGPTL7 protein was increased in response to
either DEX or TGF� treatment of TM cells, and TM cell lines
transfected with ANGPTL7 expressed more type I collagen.
ANGPTL7 protein concentration was elevated in AH from pa-
tients with glaucoma and correlated with disease progression
in the beagle model of POAG, supporting the possibility that
ANGPTL7 is involved in the pathogenesis of glaucoma.

METHODS

Tissue Samples

All human samples were obtained in accordance with provisions of the
Declaration of Helsinki, under approval of Institutional Review Board
of Vanderbilt University Medical Center. Canine AH was obtained in
compliance with the ARVO Statement for the Use of Animals in Oph-
thalmic and Vision Research and with protocols approved by the
Institutional Animal Care and Use Committees of the University of
Florida, the University of Pennsylvania, and Vanderbilt University.

Stimulation of Primary TM Cell Lines with DEX
and TGF�

The human primary TM cell lines TM86 and TM61, provided by W.
Daniel Stamer, PhD, University of Arizona (Tucson, AZ), were cultured
as described.27 Confluent layers of cells (passages 4 and 5) in wells of
48-well plates in 250 �L medium were used. For TGF� experiments,
the cells were rinsed several times with serum-free DMEM before
addition of either vehicle control, TGF�1 or TGF�2 (both at 10 ng/mL)
or no addition. A concentration of 10 ng/mL TGF�2 has been shown to
stimulate submaximal production of fibronectin and plasminogen ac-
tivator inhibitor-1 in cultured TM cells.28 TGF�1 and -�2 (R&D Sys-
tems, Minneapolis, MN) were solubilized in vehicle consisting of 4 mM
HCl in endotoxin-tested water containing 1 mg/mL low endotoxin and
fatty-acid-free albumin (Sigma-Aldrich, St. Louis, MO). After 48 hours,
media were collected and centrifuged and supernatants stored at
�20°C. The cells were harvested by trypsinization, pelleted, and re-
suspended in 100 �L media and counted. For DEX experiments,
DMEM/10% FBS was added, containing either 100 nM DEX solubilized
in absolute ethanol (Sigma-Aldrich) or vehicle (ethanol, 1:1000), or no
addition, with replenishment of media and additions every 2 days.
After 10 days, the cell layers were rinsed several times with serum-free
DMEM and then additions continued in serum-free DMEM. After 48
hours, the media were harvested as in the TGF� experiments. The
variation in number of cells per well was �20%. For Western blot
analysis, 40 �L of cell supernatant was loaded for each sample.

Corneoscleral Explant Culture

Corneoscleral explants were cultured based on previous work.29 Cor-
neal button rims left over from cornea transplants and free of ocular
diseases were sliced sagittally into approximately equal-sized pieces
(�8 mm along radial axis), which included scleral tissue posterior to
the limbus, the TM, and �3 mm cornea anterior to the limbus. The
explants were placed in 48-well plates containing 0.5 mL DMEM with
876 mg/mL L-glutamine, including antibiotic/antimycotic mixture for
the first 4 days and cultured in a humidified 37°C incubator with 5%
CO2, with media changes every 2 days. After 6 to 8 days, the medium
was harvested (day 0) and replaced with medium containing either 10
ng/mL TGF�1 or 100 nM DEX, or the appropriate vehicle controls. The
medium was harvested and replaced with fresh medium, with addi-
tions every 48 hours. Medium was centrifuged and supernatants stored
at �20°C. The explants appeared viable as assessed by H&E staining of
tissue fixed at the end of experiments. Equal volumes (40 �L) of
supernatant were used for Western blot analysis.

Western Blot Detection of ANGPTL7

Samples were mixed with 6� Laemmli SDS sample buffer, with or
without 14 mM �-mercaptoethanol (�-ME), and loaded into wells of
1-mm-thick, 10% or 12% precast polyacrylamide gels (Bio-Rad, Her-
cules, CA). After electrophoretic separation, the proteins were trans-
ferred to PVDF membrane. The resultant blots were blocked in PBS/1%
casein for 1 hour, incubated overnight with 0.2 �g/mL goat anti-human
ANGPTL7 antibody AF914 (R&D Systems) at 4°C, washed four times
with PBS/0.1% Tween-20, and incubated with 0.4 �g/mL rabbit anti-
goat IgG antibody conjugated to Alexa Fluor 680 (Invitrogen, Carlsbad,
CA) in PBS, 1% casein, 0.1% Tween-20 and 0.02% SDS for 45 minutes,
washed three times with PBS and 0.1% Tween-20, and two times with
PBS, and dried. Blots were imaged and band intensities and molecular
weights determined using an infrared imaging system (Odyssey; Li-Cor
Biosciences, Lincoln, NE).

Transfection of Immortalized TM Cell Lines

The stably transformed human TM cell lines NTM-5 and GTM-3, pro-
vided by Abbot F. Clark, PhD, Alcon Laboratories (Fort Worth, TX), and
the immortalized human TM cell line iHTM,30 provided by Vincent
Raymond, PhD, Laval University (Québec City, Canada) were cultured
as described.31,32 Two different constructs were used: one with
ANGPTL7 cDNA obtained through the Harvard Institute of Proteomics
(Boston, MA) subcloned into the pLP-CMVneo vector (BD-Clontech,
Mountain View, CA), the other with ANGPTL7 cDNA subcloned into
the pCMV6-Neo vector (Origene Technologies, Rockville, MD). Trans-
fection-quality vector DNA was prepared with an endotoxin-free kit
(Maxi-prep; Qiagen, Valencia, CA) and inserts verified by DNA se-
quencing. Transfections were performed in serum-free medium (Op-
tiMEM) with a transfection reagent (Lipofectamine 2000; Invitrogen).
For transient transfections, cell supernatant was harvested 24 to 48
hours after transfection for anti-ANGPTL7 Western blot analysis. To
generate stable lines, we cultured the cells in medium containing 1
mg/mL G418 for several weeks after transfection, resulting in four
separate lines of ANGPTL7 and four of vector-transfected lines. Expres-
sion of ANGPTL7 was confirmed by Western blot of the cell superna-
tants.

Immunocytochemistry of Collagens

Cell lines stably transfected with ANGPTL7 or empty vector were
plated in eight-well plastic chamber slides and allowed to reach con-
fluence. The cells were then rinsed with ice-cold PBS; fixed in meth-
anol for 5 minutes at �20°C; rinsed with PBS, blocked for 1 hour with
PBS and 2% goat serum, incubated with 20 �g/mL of rabbit anti-
collagen type I, rabbit anti-collagen type V antibodies (Rockland, Gil-
bertsville, PA), or purified rabbit IgG (Jackson ImmunoResearch, West
Grove, PA) for 1 hour at 4°C; washed; and incubated 1 hour with 5
�g/mL goat anti-rabbit IgG conjugated to Alexa Fluor 594 (Invitrogen).
The slides were imaged with a microscope (model AX70; Olympus,
Center Valley, PA) equipped for fluorescence microscopy and a digital
camera controlled with the accompanying software (Spot; Diagnostic
Instruments, Sterling Heights, MI).

Immunohistochemistry

Human cadaveric eyes obtained through the National Disease Research
Interchange (NDRI, Philadelphia, PA) and Michael P. Fautsch, PhD,
Mayo Clinic College of Medicine (Rochester, MN), and normal canine
eyes were fixed in 4% paraformaldehyde (PFA), embedded in paraffin,
and cut into 5-�m-thick sections. Sections were placed on glass slides,
deparaffinated, and rehydrated through graded alcohols. After treat-
ment with 3% hydrogen peroxide and blocking with 5% normal rabbit
serum (Jackson ImmunoResearch, West Grove, PA), sections were
incubated overnight at 4°C with 0.5 �g/mL of either goat anti-human
ANGPTL7 antibody AF914 (R&D Systems) or purified goat IgG (Jackson
ImmunoResearch). Immunodetection was performed with biotinyl-
ated rabbit anti-goat secondary antibody and peroxidase-labeled

IOVS, August 2008, Vol. 49, No. 8 Angiopoietin-like 7 Protein and Glaucoma 3439

Downloaded from iovs.arvojournals.org on 04/25/2024



streptavidin (Jackson ImmunoResearch), with a red chromogen (Nova
Red; Vector Laboratories, Burlingame, CA). The slides were then coun-
terstained in hematoxylin. Phase-contrast microscopy was preformed
with the microscope (model AX70; Olympus), camera and software as
described earlier.

Western Blot Analysis of TM and Cornea
Tissue Extracts

TM and cornea tissue from the limbal region were microdissected from
corneal button rims under a dissecting microscope. The protein was
extracted by mincing tissue in extraction buffer (150 mM LiCl, 50 mM
Tris/pH 7.5, 1 mM dithiothreitol, 1% lithium dodecyl sulfate, and
protease inhibitors), triturated through a 26-gauge needle, followed by
removal of insoluble debris by centrifugation. A fluorescence-based
protein assay33 was used to detect total protein concentration in
duplicate 5-�L samples (Nano-orange Protein Assay; Invitrogen), ac-
cording to the manufacturer’s protocol. Fluorescence was read on a
fluorescence microplate reader (Spectra Max M2; Molecular Devices,
Sunnyvale, CA). An equal amount of protein per lane was loaded for
each sample for anti-ANGPTL7 Western blot analysis, as just described.
The blots were reprobed with a mouse anti-glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) antibody (MAB374; Chemicon Interna-
tional, Temecula, CA) used at 1:300 dilution, followed by detection
with an infrared dye-conjugated goat anti-mouse IgG antibody (IRDye
800; Rockland) used at 1:10,000 and scanned with an infrared scanner
(Odyssey; Li-Cor Biosciences), as described earlier.

Human and Canine AH

Human AH (50–150 �L) was obtained at the time of cataract or
glaucoma procedures and stored at �80°C. All samples were obtained
by a single surgeon (RK) with consistent technique, placed immedi-
ately in sealed sterile tubes and frozen. Canine AH was withdrawn from
laboratory-quality mongrel dogs of various ages and from affected dogs
in the POAG beagle colony at 6-month intervals. POAG disease status
was evaluated by measurement of IOP, examination of the iridocorneal
angle by gonioscopy, slit lamp examination of the anterior segment,
and ophthalmoscopic examination of the optic nerve34,35 and scored
as very mild, mild, mild-moderate, or moderate. IOP was measured
with a handheld tonometer (Tonopen; Medtronic, Jacksonville, FL)

with the dogs in the sitting position under topical anesthesia. Protein
concentration was determined by protein assay (Nano-orange; Invitro-
gen), as described earlier. To compare concentration of ANGPTL7, we
used equal volumes of AH (20 �L) of each sample for anti-ANGPTL7
Western blot analysis.

RESULTS

Secretion of ANGPTL7 Protein by Cultured TM
Cells and Corneoscleral Explants

To extend previous findings at the mRNA level,8,9 we stimu-
lated primary human TM cells with DEX, TGF�1, or TGF�2, to
determine whether ANGPTL7 protein is also increased by
these stimuli. Since ANGPTL7 is secreted,26 we looked at
protein released into the medium by Western blot analysis.
Stimulation for 12 days with 100 nM DEX, or for 2 days with 10
ng/mL of either TGF�1 or -�2 resulted in doublets of immuno-
reactive bands with mobilities of approximately 45 and 48 kDa
(Figs. 1A, 1B). After cleavage of a predicted amino-terminal
signal, ANGPTL7 would be a 320-amino-acid protein with the
predicted molecular weight of 37 kDa. The higher than pre-
dicted apparent molecular weights of the bands in our study
are consistent with a previous anti-ANGPTL7 Western blot
analysis with a different antibody.26 The distinct doublets sep-
arated by �3 kDa in our Western blot analysis could be glyco-
sylated and nonglycosylated forms, since ANGPTL7 has three
potential N-glycosylation sites, although other modifications
are possible.

To test specificity of the antibody used in our experiments,
we transiently transfected immortalized TM cell lines with
expression vectors containing ANGPTL7 cDNA or empty vec-
tor, and performed anti-ANGPTL7 Western blot analysis on
culture medium conditioned by the cells. No immunoreactive
bands were detected in medium from vector-only transfected
cells, whereas doublet bands appeared in medium from
ANGPTL7-transfected cells (Fig. 1C, ANGPTL7), identical with
that observed in response to DEX or TGF� stimulation of
primary TM cell lines (Figs. 1A, 1B), confirming specificity of
the antibody for ANGPTL7. For further biochemical confirma-

FIGURE 1. ANGPTL7 protein was se-
creted by primary human TM cells
stimulated by DEX, TGF�1, or
TGF�2. A goat antibody against hu-
man ANGPTL7 was used for Western
blot analysis of medium collected
from primary human TM cells in cul-
ture (A, B) treated for 12 days with
no addition, vehicle only, or 100 nM
DEX (A) or for 2 days either no addi-
tion, vehicle only, or 10 ng/mL
TGF�1 or TGF�2 (B), as labeled for
each lane. To confirm antibody spec-
ificity, Western blot was performed
on culture medium from immortal-
ized TM cell lines (NTM-5 shown)
transiently transfected with either
vector containing cDNA encoding
ANGPTL7 (ANGPTL7) or empty vec-
tor (Vector) (C). (A–C, arrowheads):
doublet bands of approximately 45 and
48 kDa, corresponding to ANGPTL7
protein. Under nonreducing condi-
tions, higher molecular weight bands
of 95 and 250 kDa were seen (C;

ANGPTL7, No �-ME), corresponding to nonreduced multimers of ANGPTL7. The volume of cell culture medium loaded in each lane was 40 �L
for TGF� and DEX stimulations (A, B) and 2.5 �L for transient transfections (C). The DEX and TGF� stimulation experiments (A, B) were repeated
three to five times with two different primary TM cell lines, and TGF� stimulation repeated twice with an immortalized TM cell line (GTM-3);
transient transfections (C) were repeated twice each with three different immortalized cell lines, all with the same results as shown.
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tion, we ran Western blot analysis after SDS-PAGE under nonre-
ducing conditions, because previous work showed that ANGPTL7
forms multimers dependent on disulfide bonds.26 Similarly, we
found immunoreactive bands at approximately 95 and 250 kDa in
the absence of reducing agent (Fig. 1C, ANGPTL7, No �-ME),
which probably correspond to nonreduced multimers of
ANGPTL7. We conclude that DEX, TGF�1, and TGF�2 induce
secretion of ANGPTL7 protein by primary TM cells in culture.

To see whether these findings would apply to intact tissue,
we stimulated corneoscleral explants with DEX or TGF�1 and
measured ANGPTL7 released into the medium by Western blot
analysis. ANGPTL7 protein was increased in medium from
explants stimulated with DEX or TGF�1, relative to those
treated with the corresponding vehicle control (Fig. 2). These
results suggest that, as with TM cell monolayers, TGF� or DEX
increases ANGPTL7 protein expression in intact corneoscleral
explants.

Effect of ANGPTL7 Overexpression on Type I
Collagen Expression by Immortalized
TM Cell Lines

It has been shown that melanoma cells transfected with ANGPTL7
express more collagens type I and V.26 To determine whether
this result extends to TM cells, we stably transfected immor-
talized human TM cell lines with expression vectors containing
either cDNA for ANGPTL7, or no additional insert (empty
vector). As detected by Western blot analysis of cell culture
medium, ANGPTL7 protein expression was greater for
ANGPTL7-transfected cells, compared with cells transfected
with empty vector (Fig. 3A).

To investigate whether overexpression of ANGPTL7 protein
affects collagen expression, immunocytochemistry was per-
formed on the stably transfected cell lines using either an
anti-collagen type I antibody or negative control IgG (Fig. 3B).
Immunoreactivity for collagen type I was stronger for ANGPTL7-
transfected cell lines (Fig. 3B, top right) compared with cell
lines transfected with empty vector (Fig. 3B, top left). Staining
for collagen type V showed no obvious difference between the

cell lines (data not shown). These experiments suggest that a
modest increase in expression of ANGPTL7 results in increased
expression of type I collagen by immortalized TM cells. Over-
all, these results support the previous findings that increased
expression of ANGPTL7 could lead to increased expression of
extracellular matrix, which is a plausible disease mechanism
for glaucoma.

FIGURE 2. Secretion of ANGPTL7 protein by human corneoscleral
explants is enhanced by DEX and TGF�1. Corneoscleral explants were
cultured in serum-free DMEM, with culture medium changed every 2
days. On day 0, the media were collected and replaced with media
containing either vehicle control or 100 nM DEX for 10 days (A) or 10
ng/mL TGF�1 for 2 to 4 days (B). ANGPTL7 protein in the medium
from days 0 and 10 for DEX or vehicle (A) or days 0, 2, and 4 for TGF�1
or vehicle (B) was determined by Western blot (40 �L medium in each
lane). Molecular weight markers are shown in kilodaltons. Arrowhead:
doublet bands of ANGPTL7 are indicated. The results are representa-
tive of three independent experiments with tissue from three different
donors.

FIGURE 3. Stable transfection of immortalized TM cell lines caused
increased type I collagen expression. The immortalized cell line iHTM
was transfected with either empty expression vector (Vector) or ex-
pression vector containing cDNA encoding ANGPTL7 (ANGPTL7).
After antibiotic selection, overexpression of ANGPTL7 protein was
confirmed by Western blot analysis of 40 �L of cell culture medium
(A), and immunocytochemistry was preformed on confluent monolay-
ers using an antibody against collagen type I (Anti-collagen I) or
negative control IgG (Control IgG) (B). (A, arrowhead): ANGPTL7-
reactive doublet bands of 45 and 48 kDa. Staining for type I collagen
was greatest for ANGPTL7-transfected cells (B, top right) compared
with vector-transfected cells (B, top left). Data are representative of six
experiments with GTM-3 and iHTM cells. Scale bars, 50 �m.
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ANGPTL7 Protein Expression in Human Eyes

ANGPTL7 was originally identified as cornea-specific,25 but its
mRNA is also expressed by TM cells in culture8,9,11,36,37 and in
human TM tissue.36 A search of the current NEIbank cDNA
expression libraries (http://neibank.nei.nih.gov/index.shtml/
National Eye Institute, Bethesda, MD) revealed significant ex-
pression of ANGPTL7 mRNA in the whole eye, cornea, and TM
libraries, but almost no detectable mRNA expression of any
other ANGPTL family members.

To determine the distribution of ANGPTL7 protein, we
performed anti-ANGPTL7 immunohistochemistry with hema-
toxylin counterstaining on sagittal sections of normal cada-
veric human eyes (Fig. 4). In all experiments, staining with
ANGPTL7 antibody (Figs. 4B–E) was compared to staining with
goat IgG as negative control, which resulted only in blue
staining from the hematoxylin counterstain, with no positive
immunoreactivity (Fig. 4A).

ANGPTL7 immunoreactivity (brown staining) was apparent
in the corneal stroma near the limbus, but decreased in inten-
sity toward the central cornea (Fig. 4B). In the anterior cornea,
a band of strong staining was found in the region of Bowman’s
layer. ANGPTL7 immunoreactivity appeared in the TM, but at

lower intensity than in the adjacent scleral spur (Fig. 4C).
Endothelial cells lining Schlemm’s canal stained positive for
ANGPTL7 (Fig. 4C). Strong staining was detected throughout
the entire sclera (Figs. 4B, 4D). In the optic nerve, ANGPTL7
immunoreactivity was localized to the cribriform plates (Fig.
4E). ANGPTL7 expression was not detected in the ciliary body,
iris, corneal epithelium (Fig. 4B), retina, or choroid (Fig. 4D).

As a validation of the immunohistochemistry results, we
used Western blot analysis to test the finding that ANGPTL7
expression is higher in the cornea than in the TM. Protein
extracts were made from TM and corneal tissue near the
limbus dissected from corneal button rims for anti-ANGPTL7
Western blot analysis, with equal amounts of protein loaded
in each lane. Consistent with the immunohistochemistry,
ANGPTL7 doublet bands were more intense for corneal pro-
tein extracts than for extracts of TM tissue (Fig. 5).

Elevation of ANGPTL7 Protein Concentration in
Human Glaucomatous AH

Since we found that TGF�2 treatment of TM cells caused
increased secretion of ANGPTL7 into the culture medium, and
because previous work showed that ANGPTL7 mRNA is up-

FIGURE 4. ANGPTL7 protein expres-
sion in human eyes. Immunohisto-
chemistry was performed on sections
of paraformaldehyde-fixed human ca-
daveric eyes using negative control
IgG (A) or anti-ANGPTL7 antibody
(B–E) and detection with red substrate
followed by hematoxylin counterstain.
Brown: positive immunoreactivity;
blue: hematoxylin counterstain. Stain-
ing with negative control IgG resulted
in no detectable immunoreactivity (A).
Low-power view of the angle region
showing ANGPTL7 expression in the
sclera (S) and cornea (Co), with stron-
gest staining in the limbus, decreasing
toward the cornea (B). The Iris (I),
ciliary body (CB), and corneal epithe-
lium (CE) were negative for ANGPTL7
(B). Higher-power view of TM and
Schlemm’s canal (SC) region, includ-
ing scleral spur (SS) and intrascleral
vein (IV), showing positive reactivity
for ANGPTL7 in the inner wall (IW)
and outer wall (OW) of Schlemm’s ca-
nal (C). Positive ANGPTL7 immunore-
activity was found in the sclera (S), but
the retina (R) and choroid (Ch) were
negative (D). Positive ANGPTL7 stain-
ing was found in the cribriform plates
(CP) of the lamina cribrosa (E). Ax,
axon bundles. Scale bar, 50 �m.
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regulated in the TM from perfused anterior segments exposed
to elevated pressure (Comes N, et al. IOVS 2006;47:ARVO
E-Abstract 1853), we predicted that ANGPTL7 expression
would be higher in glaucoma patients which tend to have
elevated IOP and TGF�2. Since ANGPTL7 is a secreted protein,
we predicted further that the concentration of ANGPTL7
would be higher in AH of patients with glaucoma compared
with control specimens.

To compare the concentration of ANGPTL7 protein in AH,
Western blot analyses were performed on equal volumes (20
�L) of AH from at least five control patients and five patients
with glaucoma in each gel. ANGPTL7 was detectable in all
control and glaucoma samples as diffuse bands of �48 kDa
(Fig. 6A). In all gels, bands from control samples were faint,
whereas bands from most glaucoma samples were darker. In a
few glaucoma samples with dark bands, doublets could be
seen. Band intensities from several gels were normalized and
combined (Fig. 6B). The median band intensity was �3-fold
higher for AH from patients with POAG compared with control
samples.

The total protein concentration in AH was found to be
higher for POAG eyes, ranging from 92 to 1126 �g/mL (me-

dian � 224 �g/mL), compared with control eyes, which
ranged from 48 to 84 �g/mL (median � 70 �g/mL). These
protein concentrations are similar to those reported pre-
viously,38 validating the method of AH collection and confirm-
ing the generalized increase in total protein in glaucomatous
AH. No significant correlation was detected between normal-
ized band intensity and total protein concentration of the
glaucoma patient samples (r � 0.35, P � 0.05). From these
data, we conclude that the concentration of ANGPTL7 protein
is elevated in AH from patients with glaucoma, consistent with
elevated expression of this secreted protein.

Increase in ANGPTL7 Protein Concentration with
Disease Progression in the Beagle POAG Model

The familial glaucoma colony of beagles was established from
a single founder and first reported in 1972.39 Glaucoma in the
beagle model is inherited as an autosomal recessive trait35

characterized by an open iridocorneal angle40 and bilateral
increases in IOP beginning at 9 to 18 months of age,34 due to
decreased outflow facility of the AH.41 Optic nerve cupping,34

loss of large-diameter optic nerve axons,42 and vision loss
occur as disease progresses. In advanced stages of the disease,
narrowing and closing of the iridocorneal angle occurs, due to
lens subluxation.39 This well-established beagle model of hu-
man POAG offers a significant advantage because, unlike hu-
mans, the dogs are not receiving antiglaucoma medications at
the time of the experiment. In addition, it is possible to sample
AH from the POAG beagles at various times during the course
of the disease.

Since canine ANGPTL7 is 97% identical with the human
protein, we performed immunohistochemistry on canine tis-
sue and Western blot analysis of canine AH, using the anti-
human ANGPTL7 antibody. The ANGPTL7 staining pattern for
canine eyes (Figs. 7A–C) was very similar to that in human eyes
(Fig 4). As with human tissue, ANGPTL7 staining (brown) was
strong in the limbal area of the cornea, with gradual reduction
in staining intensity toward the central cornea (Fig. 7A). Also
similar to humans, ANGPTL7 staining was found throughout
the sclera, but not in the corneal epithelium (Fig. 7A), retina, or
choroid (Fig. 7B). Within the canine optic nerve, ANGPTL7
immunoreactivity was found within the cribriform plates, sim-
ilar to the staining pattern in the human optic nerve (Fig. 4E).
No immunoreactivity was observed with negative control IgG
substituted for the anti-ANGPTL7 antibody (data not shown).
In Western blot analysis of canine AH, the antibody against
human ANGPTL7 recognized canine ANGPTL7 under reducing
conditions as immunoreactive bands of �50 kDa, similar to

FIGURE 5. ANGPTL7 protein expression was higher in the cornea
compared with the TM, consistent with immunohistochemistry re-
sults. Anti-ANGPTL7 Western blot analysis was performed on 3 �g of
protein extracted from TM or cornea tissue (lanes labeled TM or Co,
respectively) microdissected from three different samples of cadaveric
human tissue (labeled samples 1–3). Rightmost lane: molecular weight
in kilodaltons. ANGPTL7 immunoreactivity and the molecular weight
standard appear as red fluorescence. Arrow: ANGPTL7 doublet; ar-
rowhead: nonreduced dimmers. As a control for equal protein loading,
the blot was reprobed with anti-GAPDH antibody. Anti-GAPDH immu-
noreactivity appears as green fluorescence at the expected molecular
weight of 36 kDa and indicates approximately equal protein loading.

FIGURE 6. ANGPTL7 protein con-
centration was elevated in AH from
POAG patients. Anti-ANGPTL7 West-
ern blot was performed on equal vol-
umes of AH (20 �L) from patients
without glaucoma undergoing cata-
ract procedures (Control, n � 16) or
from patients with glaucoma under-
going glaucoma or cataract proce-
dures (Glaucoma, n � 16). Three
separate gels were run, each contain-
ing samples from five to eight control
subjects and five to eight patients
with glaucoma. A representative gel
is shown (A). Within each gel, band
intensities were normalized to the av-
erage of the control band intensities, allowing for comparison between all control (filled symbols) and glaucomatous (open symbols) AH (B). The
difference between normalized band intensities for control (1.0 � 0.33, mean � SD) and POAG AH (3.8 � 2.76) was significant (P � 0.001,
two-tailed student’s t-test). The ages of the patients ranged from 48 to 84 years (69.4 � 15.6, mean � SD) for control and 40 to 93 years (71.4 �
15.6) for glaucoma. (E) patients with POAG; (�) a patient with uveitic glaucoma treated with topical steroids; (‚) patient with pigmentary
glaucoma. The total protein concentration (micrograms per milliliter) is listed at the bottom of each lane. ND, not determined.
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human AH (Fig. 7D, cf. Fig. 6A) and corresponding to mono-
mers of canine ANGPTL7. However, the bands were faint and
diffuse under reducing conditions and difficult to detect. Under
nonreducing conditions, prominent well-defined bands of
�250 kDa and fainter bands of �210 kDa were detected (Fig.
7E), indicative of multimers of ANGPTL7. This is expected,
since ANGPTL7 and other ANGPTL family members form di-
sulfide-linked multimers which, under nonreducing condi-
tions, display several high molecular weight bands correspond-
ing to various degrees of oligomerization.17,24,26 The shift in
molecular weight is similar to human ANGPTL7 immunoreac-
tivity in ANGPTL7-transfected TM cells, which showed 48-kDa
bands in the presence of reducing reagent and a �250-kDa
band without it (Fig. 1C).

To determine the relationship between the concentration
of ANGPTL7 protein and disease progression in the POAG
beagles, we performed Western blot analysis with equal vol-
umes (20 �L) of AH from POAG beagles (Fig. 8A). AH samples
were obtained from individual dogs at 6-month intervals as
disease progressed from very mild to moderate glaucoma, as
assessed by clinical examination. To ensure reliable detection
of ANGPTL7 with the limited volume of AH available at each
time point, we separated the samples by SDS-PAGE under
nonreducing conditions, which resulted in stronger band im-
munoreactivity compared with reducing conditions (Figs. 7D,
7E). In each of the four POAG beagles examined, the intensity
of the ANGPTL7 bands increased as disease progressed. For
comparison, the intensities of the upper 250-kDa band were
quantified and normalized to the intensity of the earliest AH
sample collected from each dog (Fig. 8B).

To see whether the increase of ANGPTL7 protein was an
effect of aging, independent of glaucoma disease status, we
performed anti-ANGPTL7 Western blot analysis on AH col-
lected from healthy laboratory-quality mongrel dogs of various
ages. ANGPTL7 band intensities for these samples were nor-
malized to the average band intensity within a single gel con-
taining 16 samples from dogs aged 1 to 6 years. No obvious
trend toward increased ANGPTL7 concentration with age was
seen (Fig. 8C). These results suggest that increased ANGPTL7

protein concentration correlates with POAG progression in the
beagle model of POAG.

Correlation of Increased Expression of ANGPTL7
with Disease in a Patient with
Neovascular Glaucoma

The higher concentration of ANGPTL7 in glaucomatous AH
suggests increased expression of ANGPTL7, which could in-
duce collagen deposition. Although the source of the increased
ANGPTL7 in the AH is not known, localized production by
the TM is possible, since we showed that TGF�2 induces
ANGPTL7 protein secretion by TM cells in vitro and elevated
pressure upregulates ANGPTL7 mRNA in the TM from per-
fused anterior segments (Comes N, et al. IOVS 2006;47:ARVO
E-Abstract 1853). To further investigate the possibility that
increased expression of ANGPTL7 occurs in glaucoma, we
performed anti-ANGPTL7 immunohistochemistry on eyes of
patients with glaucoma and control subjects without glau-
coma.

Immunohistochemical comparisons between individual pa-
tients were complicated by individual variability of expression,
significant differences in tissue procurement and fixation, and
the rarity of obtaining cadaveric eyes with glaucoma with a
well-documented ocular history. Comparisons of ANGPTL7
immunoreactivity among three patients with glaucoma and
three control samples (six eyes from each group) revealed one
patient with glaucoma with clearly more intense immunostain-
ing for ANGPTL7 in the TM, compared with control subjects
(data not shown).

We also obtained a pair of eyes from a patient who had
severely elevated IOP secondary to neovascular glaucoma in
one eye, whereas the fellow eye remained unaffected. Closure
of the angle was apparent, as well as characteristic glaucoma-
tous optic nerve cupping in the affected eye (Figs. 9B, 9D). IOP
was normal in the unaffected eye, which retained an open
angle and normal optic nerve appearance (Figs. 9A, 9C). Anti-
ANGPTL7 immunoreactivity was greater for the affected eye in
both the TM (Fig. 9B) and lamina cribrosa (Fig. 9D), compared
with the unaffected eye (Fig. 9A, 9C), suggesting that

FIGURE 7. ANGPTL7 protein was
expressed in canine eyes and AH.
Anti-ANGPTL7 immunohistochemis-
try was performed on sections from
normal dog eyes (A–C). Brown:
ANGPTL7 immunoreactivity; blue:
hematoxylin counterstain. Low-power
view of the angle shows expression
of ANGPTL7 in the limbal area of the
cornea, decreasing toward the cen-
tral cornea (A). ANGPTL7 is ex-
pressed in the sclera (S), but the ret-
ina (R) and choroid (Ch) were
negative (B). In the lamina cribrosa,
the cribriform plates (CP) stained
positive for ANGPTL7 (C). ANGPTL7
Western blot was performed on AH
from control dogs without eye dis-
ease, after separation by SDS-PAGE
under reducing (D) or nonreducing
(E) conditions. Four separate sam-
ples (20 �L/lane) are shown for each
condition, with molecular weight
markers in the leftmost lane indi-
cated in kDa. Arrowhead: ANGPTL7
immunoreactive bands. CE, corneal
epithelia; IV, intrascleral veins; Ax,
axon bundles. Scale bar, 50 �m.
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ANGPTL7 expression may increase with disease progres-
sion, as found in the beagle POAG model (Fig. 8). These
results also suggest that the increased ANGPTL7 concentra-
tion found in the AH of patients with glaucoma (Fig. 6) may
result from localized increases in ANGPTL7 expression,
which could increase collagen deposition.

DISCUSSION

The purpose of this study was to investigate the possibility that
ANGPTL7 is involved in glaucoma pathogenesis, as suggested
by the fact that it has been identified in microarray studies as a
highly induced mRNA in cultured TM cells stimulated with
TGF� or DEX.8,9,11 Our findings that ANGPTL7 protein secre-
tion increases in response to either TGF� or DEX treatment of
TM cells and corneoscleral explants extend the previous mi-
croarray findings to the protein level and place them in a more
physiological context with the intact explant tissue. Steroids
can induce IOP elevation, and therefore DEX treatment of TM
cells may induce changes analogous to those that occur in
susceptible patients. Similarly, TGF�2 can increase IOP28,43

and has an elevated concentration in glaucomatous AH44–48

and therefore may contribute to glaucoma. Our findings sug-
gest that elevated TGF� concentration or steroid treatment
stimulates production of ANGPTL7 protein, which would then
be secreted into the AH.

Consistent with increased expression and secretion, we
found that ANGPTL7 protein concentration is elevated in AH of
patients with glaucoma and increases with disease progression
in the beagle model of POAG. The source of the ANGPTL7 is
not known, but our histology results suggest localized produc-
tion by the sclera, cornea, and TM as likely sources, since
ANGPTL7 protein was expressed at significant levels by these
tissues. Increased ANGPTL7 immunoreactivity in the affected
eye with high IOP compared with the fellow unaffected eye of
a patient with neovascular glaucoma supports increased local-
ized expression of ANGPTL7 in glaucoma. The cause of in-
creased ANGPTL7 protein is not known, but transcriptional
regulation by TGF�2 is a likely possibility, since TGF�2 is
elevated in the AH of patients with glaucoma44–48 and has
been shown in microarray studies to increase ANGPTL7
mRNA.8,9,11

A complicating factor in studying samples of AH from pa-
tients with glaucoma is that with few exceptions, patients are

FIGURE 8. Increased ANGPTL7 pro-
tein concentration in canine AH cor-
related with disease progression in
the beagle POAG model. Equal vol-
umes (20 �L) of AH humor sampled
from POAG beagle dogs at 6-month
intervals was separated by nonreduc-
ing SDS-PAGE, followed by anti-
ANGPTL7 Western blot analysis (A).
At each AH sampling, the dogs were
examined and scored for severity of
glaucoma (1, very mild; 2, mild; 3,
mild-moderate; and 4, moderate).
Leftmost lane: molecular weight in
kilodaltons. The band intensities
were quantified and normalized to
the band intensity of the earliest sam-
ple for each dog (B). The top band
(A, arrowhead) was chosen for
quantification. The age-dependent in-
crease in ANGPTL7 was determined
by anti-ANGPTL7 Western blot anal-
ysis of equal volumes (20 �L) of AH
obtained from healthy laboratory-
quality mongrel dogs aged 1 to 6
years and band intensities normal-
ized to the average band intensity for
the gel (C).
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receiving antiglaucoma medications, usually of more than one
class and with various durations and levels of compliance.
Dogs from the spontaneous POAG beagle model were not on
active medication at the time of the study, and therefore the
potential for confounding pharmacologic effects was greatly
diminished. Another advantage of the canine model is that
repeated sampling of AH at regular intervals is possible, which
allowed us to follow changes occurring with documented
disease progression for individual dogs. Our results from dogs
of the POAG beagle colony are consistent with results from
POAG patients, suggesting that the increase of ANGPTL7 pro-
tein concentration in the AH is not an artifact of anti-glaucoma
medications.

ANGPTL7 has been shown to induce distorted vascular
morphology and to increase the expression of proteoglycans
and collagens types I and V.26 Changes in collagen occur in
glaucomatous TM and may restrict the outflow of AH, causing
ocular hypertension.49 Also, changes in collagen deposition in
the lamina cribrosa may cause impairment of axonal transport
in the optic nerve head, possibly leading to glaucomatous optic
nerve damage.50 In support of this, it has been shown that
transgenic mice overexpressing type I collagen develop ocular
hypertension and optic nerve damage, similar to human
POAG.51,52 Elevated ANGPTL7 protein concentration in glau-
comatous AH, as found in this study, suggests increased ex-
pression of ANGPTL7, which could induce changes in the
extracellular matrix and thereby contribute to glaucoma.

Our finding that ANGPTL7-overexpression increases immu-
nostaining for type I collagen in TM cell lines is similar to

previous findings in transfected melanoma cells.26 One impli-
cation is that responsiveness to ANGPTL7 may not be re-
stricted to specialized cell types, but could be a more general
capability. In addition to inhibiting conventional outflow, in-
creases in collagen content of the sclera could restrict AH
outflow through the uveal–scleral pathway, which could result
in elevated IOP. Increased ANGPTL7 could affect collagen in
the posterior segment, which could affect the biomechanical
properties of the lamina cribrosa and perhaps cause increased
susceptibility to mechanical damage to optic nerve axons or
retinal vasculature due to elevated IOP-induced stress. In this
context, it is interesting to note that ANGPTL7 mRNA was
identified as highly expressed in the retina of the DBA/2J
mouse glaucoma model.5

In conclusion, our findings that expression of ANGPTL7
protein was induced by either DEX or TGF� and that the
concentration of ANGPTL7 was elevated in glaucomatous
AH support the hypothesis that ANGPTL7 could be involved
in glaucoma pathogenesis. Our data suggest an overall hy-
pothesis that elevated TGF�2 levels in glaucomatous AH
could cause increased ANGPTL7 expression, which in turn
could induce collagen changes, or through other mecha-
nisms, contribute to the pathogenesis of glaucoma. Further
examination of the mechanism and source of increased
ANGPTL7 expression and of how ANGPTL7 may contribute
to glaucoma through extracellular matrix homeostasis or
other mechanisms should contribute to the understanding
and treatment of glaucoma.

FIGURE 9. Elevated expression of
ANGPTL7 protein in human TM and
lamina cribrosa of an eye with high
IOP secondary to neovascular glau-
coma. Anti-ANGPTL7 immunohisto-
chemistry was performed on sec-
tions of paraformaldehyde-fixed eyes
from a patient with history of highly
elevated IOP secondary to neovascu-
lar glaucoma in one eye (B, D),
whereas the fellow eye was unaf-
fected (A, C). The unaffected eye had
a normal open-angle appearance (A)
whereas angle closure was apparent
in the affected eye (B). The appear-
ance of the optic nerve was normal
in the unaffected eye (C), whereas
the affected eye had obvious optic
nerve cupping, characteristic of glau-
comatous optic nerve damage (D).
ANGPTL7 immunoreactivity (brown)
was higher in the TM region (B) and
in the lamina cribrosa (D) of the glau-
comatous eye, compared with the
unaffected eye (A, C). Blue: hema-
toxylin counterstain. Co, cornea; S,
sclera; I, iris; LC, lamina cribrosa; R,
retina. Scale bar, 50 �m.
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