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Abstract
Purpose—To determine the presence of calcification markers in the trabecular meshwork tissue
from glaucoma donors and in trabecular meshwork cells insulted by dexamethasone (DEX) and
transforming growth factor β2 (TGFβ2), factors associated with glaucoma. To investigate as well
the effect of silencing the inhibitor of calcification matrix Gla (MGP) in the trabecular meshwork
cells.

Methods—Trabecular meshwork tissue was obtained from perfused postmortem anterior segments
of glaucomatous and normal eyes. Primary trabecular meshwork cells were obtained from residual
corneal rims after surgical corneal transplantation. Calcification marker alkaline phosphatase (ALP)
enzyme activity was assayed by fluorescence produced after substrate cleavage. DNA quantification
was evaluated by fluorescence produced after binding to the Hoechst dye. Transfection of siRNA to
primary cells was accomplished by nucleofector electroporation with trabecular meshwork–
optimized conditions. cDNA quantification was performed with the use of TaqMan real-time PCR.

Results—Human trabecular meshworks from glaucoma donors exhibited significantly higher
levels of ALP activity than their matched counterparts with normal eyes. The normalized ALP of the
control specimens was 7.3 ± 1.6 ng ALP/μg DNA (n = 4), whereas that of the glaucomatous tissue
was 37.0 ± 10.7 ng ALP/μg genomic DNA (n = 5; P ≤ 0.04). DEX and TGFβ2 significantly induced
the upregulation of ALP activity in two trabecular meshwork primary cell lines. Expression of the
gene encoding MGP was reduced in the glaucomatous tissue by −4.4 ± 1.7-fold (n = 9; P ≤ 0.006).
Silencing MGP by siRNA resulted in ALP activity that was increased by 197% ± 8.4% (P ≤ 0.0003).

Conclusions—The increased activity of the calcification marker, ALP, in glaucomatous trabecular
meshworks might be indicative of an undergoing mineralization process during development of the
disease. Inhibition of the calcification mechanism represented by the presence of active MGP appears
to be compromised in glaucomatous tissue.

Glaucoma is a complex ocular disease that results in irreversible blindness. It is the second
leading cause of blindness worldwide and, in the United States, exhibits a higher prevalence
among African Americans and probably also among Hispanic Americans.1,2 It is widely
accepted that failure to regulate elevated intraocular pressure (IOP) is the major risk factor for
the development of glaucoma.3 Similarly, it is well established that disruption of trabecular
meshwork function leads to increased resistance to the aqueous humor outflow and to the
generation of elevated IOP.

Aqueous humor flows out of the eye through the trabecular meshwork, a soft spongiform tissue
located in the anterior segment at the corner of the iris and cornea. To maintain physiological
aqueous humor resistance, the trabecular meshwork uses a variety of cellular functions and
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mechanisms. Functions such as secretion, phagocytosis, cytoskeletal reorganization, cell-
matrix adhesion, ion channel transport, signal transduction, and proteosome involvement have
all been shown to have a role in outflow facility. Among them, extra-cellular matrix (ECM)
deposition as well as its quality4 has been shown to have a strong correlation with increased
resistance and glaucoma.5

Identification of genes expressed in the human trabecular meshwork under different conditions
has revealed the gene encoding the inhibitor of calcification Matrix Gla (MGP) as the third
most abundant expressed gene in adult trabecular meshwork tissue6,7 and among the 20 highest
genes in infant-cultured cells.8 In addition, we have shown that MGP expression is regulated
by elevated IOP in a model of perfused human anterior segments from postmortem donors
using contralateral eyes as controls for identical genetic backgrounds.9 In the same study,
MGP was downregulated in primary human trabecular meshwork (HTM) cultures by
transforming growth factor-β1 (TGFβ1), a growth factor found elevated in patients with
glaucoma.9

MGP is an 84-amino acid protein that contains five γ-carboxyglutamic acid (Gla) residues. The
Gla residues are produced by γ-carboxylation of glutamic acid residues by γ-carboxylase, a
vitamin K–dependent enzyme. The only known function of Gla residues is to bind calcium
ions.10 Matrix Gla was originally isolated from demineralized bovine bone matrix, but it is
also known to be expressed in cartilage, vascular smooth muscle cells (VSMCs), and kidney.
10 MGP plays a key role in the formation of atherosclerotic plaques and vascular calcification.
11 Protection of soft tissue calcification is thought to be partly attributed to the complexes of
calcium to inhibitors of calcification such as MGP.10

A number of studies have drawn parallels between VSMCs and trabecular meshwork cells and
between their corresponding pathologic conditions of atherosclerosis and glaucoma. For
example, one of the VSMC markers is smooth muscle actin, whose promoter directs specific
expression to these cells in the arterial wall.12 Smooth muscle actin is also a well-characterized
protein in the trabecular meshwork,13 where it was shown to be responsible for the contractile
properties of tissue.14 Similarly, the first reported glaucoma marker, endothelial leukocyte
adhesion molecule-1 (ELAM-1),15 happens to be the earliest marker for the atherosclerotic
plaque. Other genes that are abundant in the trabecular meshwork, such as cartilage Gp-39,6
are also known to be strongly induced during atherosclerosis.6

Previous studies from our laboratory have shown that, in addition to very high MGP expression,
cells of the trabecular meshwork exert very high γ-carboxylase activity, and their MGP protein
is indeed γ-carboxylated.16 We also showed that overexpression of MGP reverses bone
morphogenetic protein 2 (BMP2)–induced calcification in HTM cells.16 These findings
indicate that MGP has the ability to function in the trabecular meshwork as a calcification
inhibitor.

In this study, we continued our investigation on the potential calcification of the trabecular
meshwork tissue under conditions associated with glaucoma. As a marker of calcification, we
used the presence and upregulation of the activity of the enzyme alkaline phosphatase (ALP),
a well-established marker of osteogenic differentiation17-23 and vascular calcification.21,
23,24 ALP is an enzyme that hydrolyzes a great variety of substrates that lead to increases of
Pi and is activated when a pluripotent, undifferentiated mesenchymal cell becomes committed
to differentiate into bone-forming cells (osteoblasts).18 ALP further allows inactivation of
mineralization inhibitors18 and has been detected in atherosclerotic plaques.23 For the source
of tissue, we obtained intact trabecular meshworks from matched donors with and without
glaucoma. To revive and stabilize postmortem eyes, we perfused them on arrival by an organ
culture system that mimics physiological aqueous humor flow through an intact trabecular
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meshwork. For the source of conditioned cells, we treated primary HTM cells with two
common glaucoma-associated molecules, dexamethasone (DEX) and TGFβ2. Elevated IOP
develops in 40% of patients treated with DEX,25 and increased concentrations of TGFβ2 in
the aqueous humor have undoubtedly been associated with the pathogenesis of glaucoma.26,
27

We observed an increase in ALP activity on all glaucomatous conditions that was accompanied
by a decrease in the expression of MGP. Silencing the MGP encoding gene by siRNA in normal
HTM cells also led to an increase in ALP activity. We believe these results support the
hypothesis that protection against mineralization of the trabecular meshwork by MGP may be
a relevant factor in the maintenance of the soft nature of the tissue and thereby may affect
resistance to aqueous humor outflow. Most important, our observations revealed that increased
mineralization of the trabecular meshwork is concomitant with the presence of glaucomatous
conditions and may be a contributing factor to the disease.

Materials and Methods
Glaucoma Tissue and Primary Human Trabecular Meshwork Cells

Glaucomatous and normal human eyes were obtained within 36 to 40 hours of donor death
from national eye banks (Lions Eye Bank of Oregon, Portland, OR/National Disease Research
Interchange, Philadelphia, PA/North Carolina Eye Bank, Winston-Salem, NC) after signed
consent of the donors' families. For organ cultures, whole eye globes were dissected at the
equator, cleaned away from the vitreous, iris, and lens, and mounted on the perfusion chambers,
as described previously.28,29 Perfusion was conducted at constant flow using serum-free,
high-glucose Dulbecco modified Eagle medium (DMEM). All procedures were performed in
accordance with the tenets of the Declaration of Helsinki. We collected postmortem eye
specimens from glaucoma patients and matched them with those from healthy donors by race,
sex, and approximate age. Anterior segments from each person were set in organ culture and
perfused between 1 and 6 days. To generate primary human trabecular meshwork cells (HTM),
trabecular meshworks were dissected from residual cornea rims after surgical corneal
transplantation at the University of North Carolina eye clinic. Specimens were cut in small
pieces, carefully attached to the bottom of a 2% gelatin-coated 35-mm dish, and covered with
a drop of medium (improved minimal essential medium [IMEM], 20% fetal bovine serum
[FBS], 50 μg/mL gentamicin) and a coverslip. Dishes were incubated in a humidified 6%
CO2 atmosphere, medium was changed every other day, and cells were allowed to grow from
the explant for a period of 4 weeks. Once confluent, cells were passed to a T-25 flask and
labeled as passage 1. Subsequently, cells were passed 1:4 to confluence and were maintained
in the same medium with 10% FBS. All cells were used at passages 4 to 6. These outflow
pathway cultures comprise all cell types involved in maintaining resistance to flow. These
include cells from the three distinct regions of the trabecular meshwork plus cells lining the
Schlemm canal. Because most of the cells in these cultures come from the trabecular meshwork,
they are commonly referred to as trabecular meshwork cells. The cells used in this study were
from two women, 29 and 21 years of age (HTM-63 and HTM-70, respectively).

The monobasic phosphate content of the IMEM used in the cell cultures was 150 mg/L, whereas
that of the DMEM used in the perfused organ cultures was 130 mg/L. Neither medium was
supplemented with β-glycerophosphate, an organic phosphate donor that influences the onset
of mineralization in vitro and that is commonly used as a supplement in osteoblast cultures.

Extraction and Measurement of Alkaline Phosphatase
Alkaline phosphatase activity in trabecular meshwork tissue and primary HTM cells was
measured with a fluorescence substrate system (AttoPhos AP; Promega, Madison, WI). This
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system uses 2′-[2-benzothiazoyl]-6′-hydroxybenzothiazole (BBTP) as substrate, which is
cleaved by the ALP enzyme to produce inorganic Pi and BBT, a derivative that shifts the
fluorescence spectra and results in lower background and higher sensitivity. In contrast to other
commercial fluorescence or luminescence ALP assay systems, the fluorescence substrate
system (AttoPhos AP; Promega) does not contain an endogenous ALP inhibitor. For the tissue,
the trabecular meshworks of perfused anterior segments were dissected and lysed by
homogenization in a sterile glass microtissue grinder (Kimble-Kontes, Vineland, NJ) with 200
μL PBS. Tissue homogenates were briefly centrifuged, and aliquots from the supernatants were
used to measure ALP and genomic DNA. For the cells, 35-mm culture dishes were washed
twice with PBS, scraped with 1 mL PBS, centrifuged, resuspended in 200 μL PBS, and lysed
by 3× freeze-thawing. Different aliquots from the same cell extracts were used for ALP and
genomic DNA measurements. For the ALP, a given aliquot was adjusted to 100 μL with PBS
and incubated with 100 μL substrate (AttoPhos AP; Promega) at room temperature in a black
microlon 96-well plate (Greiner Microlon; Greiner Bio-One, Monroe, NC) in the dark. A
parallel set of incubations was conducted with different dilutions (5–100 ng) of a purified ALP
enzyme (Roche, Indianapolis, IN) to generate a standard curve. Controls containing PBS
aliquots without enzyme were run in parallel. Fluorometric values were read usually after 20
minutes of incubation time in a fluorescence plate reader (Fluostar Optima; BMG
Labtechnologies, Durham, NC) with 430-nm excitation and 555-nm emission filters.
Fluorescence values from the enzyme-free sample were subtracted from each of the samples,
and ALP concentrations were calculated by extrapolation on the standard curve and correction
for aliquot volume.

Genomic DNA Quantification
DNA was quantified with the use of a DNA fluorometric quantification kit (Invitrogen-
Molecular Probes, Carlsbad, CA) according to the manufacturer's instructions. Reactions were
performed in a 200-μL final volume, in a black microlon 96-well plate (Greiner Microlon;
Greiner Bio-One). Serial dilutions of spectrophotometrically measured calf thymus DNA
(Sigma Chemical, St. Louis, MO) were used to generate the standard curve. Aliquots from
tissue and cell extracts were adjusted to 100 μL with 0.01 M Tris, pH 7.4, 0.001 M EDTA (TE)
buffer and were thoroughly mixed with 100 μL freshly diluted Hoechst dye. After brief
centrifugation, plates were directly read in a fluorescence plate reader (Fluostar; BMG
Labtechnologies) at 350-nm excitation and 450-nm emission wavelengths. Fluorescence
values from a TE control sample were subtracted from each of the extract samples, and DNA
concentrations were calculated by extrapolation on the standard curve and correction for aliquot
volume.

Alizarin Red Staining
For visualization of calcification, cells were stained with alizarin red. Cells in culture dishes
were washed with PBS 3× and were fixed in cold 80% ethanol for at least 1 hour at 4°C. Cells
were then washed in distilled water and exposed to fresh 2% alizarin red (pH 4.2; Sigma) for
5 minutes (red/orange = positive staining). After staining, cells were washed with distilled
water at least 5 times, followed by one PBS wash for 15 minutes, and were photographed under
brightfield with a CK40 inverted fluorescence microscope (Olympus, Tokyo, Japan) equipped
with a charge-coupled device (CCD) digital camera (DP70; Olympus) and software.

Drug Treatments
Primary HTM cells were grown to confluence and treated with DEX (Sigma) at a final
concentration of 10−7 M in serum-containing medium. DEX was prepared in absolute ethanol
at 0.1 mM and was diluted 1000-fold into fresh complete IMEM every other day for the duration
of the experiment. Confluent cells were treated with TGFβ2 (R&D Systems, Minneapolis, MN)
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at final concentrations of 1 ng/mL or 3 ng/mL for 3 days in serum-free medium. The cytokine
was reconstituted with 4 mM HCl into a stock solution of 50 μg/mL and kept frozen at −20°
C. Cells were washed 3× with PBS before treatment, and the stock solution was diluted to the
desired concentration into fresh serum-free IMEM and added to the cells every day. At the end
of the experiment, cells were washed with PBS and harvested either for the assay of ALP and
genomic DNA or RNA extraction.

RNA Extraction, Reverse Transcription, and Quantification of cDNA
Anterior segments were frozen at −80°C or placed in RNAlater (Ambion, Austin, TX)
immediately after perfusion. RNA extraction was performed by homogenizing dissected
trabecular meshwork tissues or cellular pellets in 300 μL guanidine thiocyanate buffer and
loading the solution onto a column (QIAshredder; Qiagen, Valencia, CA). 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). Reverse transcription (RT) reactions
and subsequent normalized cDNA quantifications were performed by real-time TaqMan PCR
(Applied Biosystems [ABI], Foster City, CA). RT was conducted with 1 μg of
spectrophotometrically measured total RNA in a 25-μL total volume of proprietary RT buffer
containing random primers, dNTP, and 62.5 U murine leukemia virus (MuLV) RT enzyme
with RNase inhibitor (High Capacity cDNA kit; ABI) according to the manufacturer's
recommendations (25°C for 10 minutes, 37°C for 2 hours). When the starting RNA was 0.5
μg, the volume of reagents was divided by two.

Fluorescence-labeled TaqMan probe/primer sets for MGP, γ-glutamyl carboxylase (γ-
GGCX), and control 18S were purchased from Applied Biosystems (TaqMan Gene Expression
collection; http://www.allgenes.com). The MGP probe corresponded to sequences from exons
1 and 2 (Hs00179899_m1), the GGCX probe corresponded to sequences from exons 4 and 5
(Hs00168139_m1), and the 18S rRNA probe corresponded to sequences surrounding position
nucleotide 609 (Hs99999901_s1). Reactions were performed in 20-μL aliquots using a PCR
mix (TaqMan Universal PCR Master Mix, No AmpErase UNG; ABI), run on a PCR system
(7500 Real-Time; ABI) and analyzed by software (7500 System Sequence Detection Software;
ABI). Relative quantification (RQ) values between treated and untreated samples were
calculated by the formula 2−ΔΔCT, where CT is the cycle at threshold (automatic measurement),
ΔCT is CT of the assayed gene (MGP, γ-GGCX) minus CT of the endogenous control (18S),
and ΔΔCT is the ΔCT of the normalized assayed gene in the treated sample minus the ΔCT of
the same gene in the untreated one (calibrator). Because of the high abundance of the 18S
rRNA used as endogenous control, and 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 greater than 1 corresponded to increased fold changes.
Relative quantification values less than 1 were converted to decreased fold changes by the
formula 1/2−ΔΔCT. In other words, an RQ of 4 corresponded to an increased expression of
fourfold (+4), and an RQ of 0.25 corresponded to a reduction of expression of fourfold (−4).

MGP siRNA Nucleofector Transfection
Predesigned human MGP siRNA (Silencer; ID no. 122163; NM_000900) and nontargeted
scramble siRNA 1 (Silencer Negative Control; catalog no. 4611) were purchased from Ambion
(Austin, TX), reconstituted to a final concentration of 100 μM in 50 μL RNase-free water, and
stored at −20°C. The siRNA sense sequence for the MGP was 5′-
GUGAGGGUCAAAGGAGAGUtt-3′, and the antisense strand was 5′-
ACUCUCCUUUGACCCUCACtg-3′. siRNAs were transfected to early-passage primary
HTM cells using nucleofector technology (Basic Kit for Primary Mammalian Endothelial
Cells; Amaxa, Gaithersburg, MD). Pilot experiments with 4 × 105 primary HTM cells and 2
μg pmaxGFP plasmid (Amaxa) were used to determine conditions for maximum transfection
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efficiency. Of all the built-in programs, one (program T-23; Amaxa) was found to result in an
approximate 80% efficiency/80% viability of HTM cells and thus was selected for consecutive
studies. For this transfection procedure, cells in 10-cm dishes were split 24 hours before
transfection to obtain 70% to 80% confluence. Cells were then trypsinized, counted, and spun
at 100g for 10 minutes. Cell pellets were resuspended in proprietary mammalian endothelial
solution at a concentration of 4 × 105 cells/100 μL. After the addition of 1.2 μL or 2.4 μL stock
100 μM siRNA solution, the cell-siRNA mix was electroporated on the nucleofector apparatus
(program T-23; Amaxa). Immediately after electroporation, the cell-siRNA solution was
allowed to recover for 15 minutes at 37°C in 0.5 mL warm IMEM in an Eppendorf tube. After
the recovery period, cells were transferred to 3-cm dishes containing warm medium in which
the final siRNA concentration was that of 40 and 80 nM, respectively. Cell medium was
changed 24 hours after electroporation, and cultured cells were harvested 48 hours later. ALP,
genomic DNA, or RNA were then extracted from the cultured cells.

Results
Increased Alkaline Phosphatase Activity in Trabecular Meshwork from Patients with
Glaucoma

To follow up on previous findings from our laboratory on the calcification inhibition properties
of the human trabecular meshwork,16 we investigated the potential role of calcification in the
development of glaucoma by measuring the presence of the marker ALP. Dissected trabecular
meshworks from perfused matched donors with glaucomatous or normal eyes were assayed
for ALP activity (n = 5 glaucoma; n = 4 normal) and total genomic DNA for normalization. A
first experiment comparing ALP activity between eyes perfused during different times
indicated that the activity of the enzyme was not affected by the perfusion times used here (not
shown).

In every match, normalized active ALP of the glaucoma trabecular meshwork was considerably
higher than that of the normal eye (Fig. 1). Average normalized ALP in the control specimens
was 7.3 ± 1.6 ng ALP/μg genomic DNA (n = 4), whereas that of the glaucomatous tissue was
37.0 ± 10.7 ng ALP/μg genomic DNA (n = 5; P = 0.04). This 407% increase in the trabecular
meshwork from glaucomatous eyes suggested that glaucoma tissue is experiencing a
calcification process, which may cause increased resistance to aqueous humor outflow.
Attempts to detect von Kossa staining of the trabecular meshwork were negative, perhaps an
indication that mineralization in this tissue may occur at levels below those detected by the
von Kossa staining. The high ALP levels observed indicate that the trabecular meshwork cells
are undergoing differentiation to osteogenic or chondrogenic lineages.

Dexamethasone Induces Calcification in Human Trabecular Meshwork Cells
We next investigated whether glaucoma risk factors had an influence on human trabecular
meshwork mineralization. Because prolonged cell exposure to glucocorticoids has been found
to be associated with the development of calcification in bone and vascular systems,30-33 as
well as with glaucoma,25,34,35 we evaluated whether DEX treatment also had the capacity to
induce calcification on HTM cells.

For visualization of calcification, confluent primary cells (HTM-63) at passage 4 were treated
in duplicate with 0.1 μM DEX and were stained with alizarin red 7 days after treatment. DEX-
treated cells showed intense alizarin red and formed calcification nodules, but the untreated
cells did not (Fig. 2, top and middle panels). In addition, cell extracts from 3, 5, and 7 days
after treatment showed increased ALP activity (normalized to genomic DNA). Pooled control
dishes showed a concentration of the active enzyme of 1.27 ± 0.05 ng/μg genomic DNA. After
3 days of DEX treatment, the concentration of ALP was 1.35 ± 0.07 ng/μg, which was not
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significantly different from that of the control (P = 0.24). However, at 5 days the normalized
ALP value of the treated dishes significantly increased to 2.0 ± 0.02 ng/μg (P = 0.0004) and
reached 4.7 ± 0.40 ng/μg after 7 days (P = 0.001), an induction of 3.6 fold (Fig. 2, bottom
panel). This high induction of the biochemical calcification marker was observed in all single
individual primary HTM cell lines tried, though the extent of induction varied. Thus,
experiments using a high responding primary line (HTM-70) showed a 5.0-fold increase at 5
days that reached 29.4-fold over the untreated control at 7 days. These results indicate that a
new additional effect of DEX on the trabecular meshwork could be one of inducing
mineralization of the tissue. This effect appears to increase considerably with prolonged
exposure.

TGFβ2 Induces an ALP Increase in Human Trabecular Meshwork Cells
To next determine the effect on HTM calcification of another well-known associated glaucoma
factor, we treated the cells with TGFβ2. Primary HTM-63 cells (passage 5) in triplicate were
exposed to TGFβ2, harvested, and aliquots from the same sample were used for ALP assays
and DNA quantification. At day 3, ALP was significantly induced in the treated HTM cells.
The normalized endogenous ALP was 15.98 ± 0.6 ng/μg DNA (n = 3; P ≤ 0.0002) after
treatment with 1 ng/mL TGFβ2 and reached 128.3 ± 2.8 ng/μg DNA (n = 3; P ≤ 0.001) after
treatment with 3 ng/mL. These values represent ALP percentage increases from the untreated
cells of 138% and 323% (1 ng/mL– and 3 ng/mL–treated cells, respectively) (Fig. 3).
Experiments were duplicated in the same and different cell lines (HTM-70) with comparable
results. In the second HTM-63 trial, the ALP percentage increases were 66% and 100%,
whereas those on the HTM-70 cells were 35% and 57%. As demonstrated in other systems,
36-39 these results indicated that TGFβ2 also induces a significant ALP increase in the cells
of the trabecular meshwork that could contribute to an initiation of mineralization and a
hardening of the outflow tissue.

Expression of the Inhibitor of Calcification MGP and Its Activating Enzyme γ-GGCX in
Specimens from Glaucoma Patients

Active MGP is a potent inhibitor of calcification, and it is activated by the vitamin K–dependent
γ-carboxylase enzyme (for a review, see Proudfoot and Shanahan10). In our initial studies, we
have shown that MGP mRNA is upregulated in the human trabecular meshwork tissue by
elevated IOP9 and that HTM cells exhibit high γ-carboxylase activity.16 Because of the higher
ALP found in tissues from patients with glaucoma, we wanted to investigate whether
expression of MGP and γ-carboxylase genes was affected in the trabecular meshwork of
glaucoma patients. Given the limited material obtained from a single trabecular meshwork, we
gathered additional data for this study from six other donors (three with glaucomatous eyes,
three with normal eyes) and matched them by age, sex, and race (matches 6, 7, and 9; Fig. 4).
A fourth match was obtained between the glaucomatous eyes of match 5 (Fig. 1) and new
normal eyes (match 8).

Through real-time TaqMan PCR with the probes described in Methods and normalized by 18S,
we found that, in the glaucoma samples, MGP was reduced in three of the four matches whereas
γ-carboxylase was reduced in all four (Fig. 4). The average extent of reduction of MGP
expression was a fold change of −4.39 ± 1.7 (n = 9; P ≤ 0.006), and that of γ-carboxylase
expression was a fold change of −20.5 ± 11.9 (n = 7; P ≤ 0.26). The lack of significance of the
activator enzyme expressed in glaucomatous versus normal samples was attributed to the
variation introduced by the drastic reduction of this enzyme exhibited in one person (77 years
old, white, male [match 8]; Fig. 4), which, if excluded, renders the comparative reduction,
albeit much smaller, significant. Interestingly, this same person exhibited the highest ALP
activity of the five glaucoma matches used to measure the activity of this enzyme (see match
5, Fig. 1). These results suggest that the tendency of the glaucomatous trabecular meshwork
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tissue to undergo mineralization observed here by the presence of ALP activity might be
mediated in part by the MGP vitamin K–dependant pathway.

Expression of MGP and Its Activating Enzyme γ-GGCX in TGFβ2-Treated Human Trabecular
Meshwork Cells

We had previously shown that primary trabecular meshwork cells exposed to TGFβ1
downregulated the expression of MGP.9 Although TGFβ1 has been suggested as a possible
contributor to the development of glaucoma,40 TGFβ2 has been shown to be more abundant
in the aqueous humor of these patients.26 Because TGFβ2 treatments have been extensively
reported as correlated with tissue mineralization,36,38,41,42 in this study we investigated
whether treatment with this cytokine altered the expression of MGP and its vitamin K–
activating enzyme in HTM cells in culture.

Primary trabecular meshwork cells HTM-63 (passage 5) were treated with TGFβ2 at
concentrations of 1 and 3 ng/mL. Total RNA from 3-day TGFβ2 and sham treatments was
analyzed for MGP and γ-GGCX expression by real-time TaqMan PCR, as described in
Methods. Expression values were normalized to the expression of 18S, used as the endogenous
control. The normalized extent of MGP expression was reduced −1.92 ± 0.6-fold (P ≤ 0.006)
in the treated samples compared with that of the control at 1 ng/mL (n = 3) and −1.84 ± 0.3-
fold (P ≤ 0.0001) at 3 ng/mL (n = 3; Fig. 5 top panel). Experiments were repeated in a different
individual-derived cell line (HTM-70), where MGP cDNA showed a reduction of −3.32 ± 0.4-
fold (P ≤ 3E-08; n = 3) after similar 1 ng/mL exposure to TGFβ2 (not shown).

The effect of TGFβ2 on the expression of the MGP-activating enzyme γ-carboxylase was more
pronounced than its effect on MGP. On the HTM-63 cells, normalized γ-GGCX expression
was reduced −2.26 ± 0.6-fold (P ≤ 0.004) in the treated samples compared with that of the
control at 1 ng/mL (n = 3) and −2.76 ± 0.6-fold (P ≤ 0.003) at 3 ng/mL (n = 3; Fig. 5, bottom
panel). In the HTM-70 cell line, reduction of the γ-GGCX enzyme extended to −2.78 ± 0.3-
fold (P ≤ 0.0002; n = 3). These results suggest that this factor, significantly more abundant in
the aqueous humor of glaucoma patients, might be one of the inducers of reduced expression
of MGP and γ-GGCX genes (and consequent mediate increased mineralization) in the
trabecular meshworks of these patients.

RNA Interference–Mediated Knockdown of MGP Increases Alkaline Phosphatase Activity
We have previously shown that the MGP gene reverses BMP2-induced calcification in primary
HTM cells.16 To further test the involvement of MGP in calcification in this tissue, we silenced
the expression of its gene by siRNA and measured the effect of silencing on normalized ALP
levels. The extent of silencing was pretested by introducing two siRNA MGP concentrations
into the primary HTM cells by nucleofector transfection and comparing it with that of cells
transfected with negative control scrambled siRNAs. Forty-eight hours after nucleofector
electroporation of the siRNAs, total RNA was extracted, reverse transcribed, and assayed in
parallel with MGP and 18S TaqMan probes. CT values of MGP in samples treated with the
nontargeting scrambled siRNA or left untreated were in the 18 to 19 value range, confirming
the high expression of this gene in the human trabecular meshwork (not shown). After 18S
normalization, the percentage of MGP remaining transcripts in the sample transfected with
MGP siRNA was 3.8% (26-fold reduction) of those in control cells electroporated with
nontargeted scrambled siRNA (1.2 μM in the nucleofector solution during electroporation, 40
nM in the culture dish). At 80 nM (2.4 μM during nucleofector electroporation), the percentage
of remaining transcripts in the MGP siRNA sample was reduced to 2.2% (45-fold reduction;
Fig. 6, top panel). Two more MGP siRNA-transfected samples resulted in 5% and 4%
remaining MGP transcripts compared with non-transfected and scramble-transfected samples,
respectively.
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For the ALP measurement, cells were electroporated at the higher siRNA concentration,
harvested, and split into aliquots for assaying of genomic DNA (Hoechst) and ALP using the
corresponding standards, as indicated in Methods. After normalization with genomic DNA,
cells in which the MGP was silenced showed an increase of 197% ± 8.4% (n = 3) in the
calcification marker compared with those transfected with the scrambled siRNA (P ≤ 0.0003;
Fig. 6, bottom panel). These results confirm that the high expression of MGP specifically
contributed to maintain lower levels of calcification in human trabecular meshwork cells.

Discussion
For many years, ectopic soft tissue calcification, such as that observed in atherosclerosis or in
chronic renal failure, has been considered a passive event, a mere physicochemical
precipitation of calcium phosphate caused by elevated phosphate and calcium ions. However,
recent studies involving arterial calcification in knockout mouse models11,43 and in cell
culture vascular calcification models44,45 have provided evidence that such calcification is
an actively regulated process. These experiments have also shown that the vascular
calcification process shares many molecular and cellular characteristics with bone and cartilage
mineralization.10,46

Led by the finding of the high expression of an active inhibitor of calcification, MGP, in the
human trabecular meshwork, previous studies from our laboratory showed that aged trabecular
meshwork cells undergo calcification in cell culture in much the same way as VSMCs.16 In
the present study, we investigated whether signs of calcification were present in glaucoma
tissues and known glaucomatous insults. We chose a widely used mineralization marker, ALP,
11,17-24,47,48 and measured its—rather than mRNA or protein level—enzymatic activity.
We found that trabecular meshwork from donors with glaucoma had higher levels of active
ALP than the normal matched counterparts. We interpret this finding as an indication that the
trabecular meshwork cell might be undergoing a mineralization process during the course of
the disease and that this process could contribute to the development of glaucoma.

Although a calcification process has never before been described for glaucoma, it is interesting
to note that genes and mechanisms described during calcifying conditions in other diseases are
also present in glaucomatous trabecular meshworks. Such is, for example, the molecular
correlation between atherosclerosis and glaucoma.6,15 Endothelial leukocyte adhesion
molecule-1 (ELAM-1), the earliest marker for the atherosclerotic plaque, is found only in the
trabecular meshwork from glaucoma patients, and it is considered the first diagnostic glaucoma
marker.15 Another parallel between the pathology of the two diseases is that calcification of
the atherosclerotic plaque is thought to be initiated by its VSMCs and macrophages.
Macrophages release TNFα, which has been shown to enhance osteoblastic differentiation,
ALP, and mineralization.49 Interestingly, TNFα has been long associated with glaucomatous
processes. TNFα is a regulator of trabecular meshwork metalloproteinases,50 induces the
glaucoma-linked gene optineurin,51 and is induced by laser trabeculoplasty.52 Whether
TNFα also induces calcification in the trabecular meshwork has not yet been tested.

Additional molecular examples associating glaucomatous conditions with mineralization in
other systems are connective tissue growth factor (CTGF) and endothelin-1. In the eye,
CTGF levels are significantly increased in the aqueous humor of patients with
pseudoexfoliation glaucoma.53 Its cDNA is present in the human trabecular meshwork,7 where
it is significantly induced by mechanical stretch54 and elevated IOP (T. Borrás, unpublished
observations, 2006). At the same time, in primary osteoblast and mesenchymal stem cells,
CTGF regulation has been shown to be essential to osteogenic differentiation and bone
formation.17,55 The second molecule, endothelin-1, is a potent vasoconstrictor peptide
proposed as a potential contributor to the pathogenesis in glaucoma.56,57 It induces contraction
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in the trabecular meshwork, reduces outflow facility,58 and is elevated in the aqueous humor
of patients with glaucoma.59 Endothelin-1 is also associated with vascular wall thickening in
renal failure60 and has been reported as a potent regulator of vascular calcification in vivo and
in vitro in VSMCs.61 It is tempting to think that these two molecules could also stimulate
mineralization of the trabecular meshwork.

In this study, we also report that ALP activity was elevated after treatment with DEX and
TGFβ2, two well-established risk factors of glaucoma. The role of steroid treatment in the
development of glaucoma is well documented.25,34,35 Concomitantly, glucocorticoids have
long been known as potent stimulators of osteogenic differentiation in vitro. This characteristic
extends to cells responsible for bone or cement formation62,63 and those responsible for
vascular calcification, such as VSMCs and pericytes.31,33 In this study, we show for the first
time that DEX induces the formation of calcified multicellular nodules and the upregulation
of ALP on postconfluent primary HTM cells. This increased activity was seen at 5 days after
treatment and was dramatically increased at 7 days. It appears to be a paradox, though, that
treatment with glucocorticoids, which induces osteoporosis in many patients, would
simultaneously cause mineralization of the trabecular meshwork in vivo. We do not know
whether that paradox occurs in glaucoma because not many studies in patients with
osteoporosis and glaucoma are available. However, numerous studies report a similar paradox
regarding the simultaneous presence of vascular calcification and osteoporosis.64-66

The association of TGFβ2 with glaucoma is also extensive. It includes elevated levels in
patients with primary open-angle glaucoma (POAG)26,67 and increased outflow resistance in
human organ cultures.68 In HTM cells, TGFβ2 induces fibronectin and transglutaminase, an
enzyme that cross-links fibronectin to complexes that cannot be digested by proteinases.4
Interestingly, transglutaminase is upregulated in the articular cartilage at the time of the
pathologic mineralization associated with osteoarthritic conditions and aging.69,70 As for its
role in calcification, TGFβ2 is expressed in the VSMCs of calcified arteriosclerotic arteries,
36 induces chondrogenic differentiation of mesenchymal stem cells,41,42 and initiates
endochondral ossification after injection in the rat femur.38 It does not come as a surprise then
that here, TGFβ2 induced calcifying activity in the HTM cells. Extensive evidence also
indicates that mesenchyme-originated VSMCs transdifferentiate into chondrocytes and
undergo chondrogenic commitment, leading to vascular calcification. Given that trabecular
meshwork cells are derived from the mesenchymal cells of the neural crest and exhibit many
of the characteristics of VSMCs,71 it is not unconceivable to speculate that trabecular
meshwork cells might undergo the same fate, as is represented in Figure 7.

Consequences of potential calcification of the trabecular meshwork tissue could have important
implications for the regulation of resistance to aqueous humor outflow. A subtle, ongoing
hardening of the tissue could begin as a subclinical effect but contribute with time to the
detrimental effects observed on the ECM of glaucomatous trabecular meshworks.72 In
atherosclerosis, the cause and effect (mineralization and disease) might be in either direction.
Although it seems more rational to speculate that the causality in glaucoma would go mainly
in one direction (mineralization of the trabecular meshwork, glaucoma), given the
multifactorial nature of this disease, the second direction (glaucoma factors leading to
mineralization) could also occur.

To protect themselves against calcification, VSMCs express potent inhibitors such as MGP.
10 The trabecular meshwork also highly expresses MGP.6,16 Only active MGP is able to
function as a calcification inhibitor, which to date is the only known function for the MGP
gene. Therefore, here we investigated the expression not only of MGP but also of its activating
enzyme γ-carboxylase (γ-GGCX). Both genes were downregulated in glaucomatous tissues and
in primary HTM cells treated with TGFβ2. The extent of downregulation varied, and MGP
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was, in one of the five POAG/normal matches, slightly upregulated. Except in one instance,
the fold change cDNA levels of the γ-GGCX enzyme were small, suggesting that perhaps no
great changes in abundance are needed to modulate enzyme activity. The dramatic
downregulation of γ-GGCX in the patient exhibiting the highest ALP activity is intriguing and
contributes to the notion of the need for active MGP in the trabecular meshwork to protect
against calcification. Overall, these findings reflect the fact that in glaucoma, cells of the
trabecular meshwork appear to lose their protection against pathologic mineralization.

Studies by Murshed et al.12 have demonstrated that MGP inhibition of vascular calcification
is regulated locally, rather than systemically. To investigate whether local inhibition of MGP
would affect the mineralization potential of the trabecular meshwork cells, we silenced MPG
in culture using RNA interference. Under conditions of greater than 90% MGP transcription
reduction, the activity of ALP was significantly induced. These results strengthen our previous
findings that at least one of the functions of MGP in the trabecular meshwork is to inhibit ECM
mineralization. They also reinforce the notion that calcification may occur independently in
different tissues of the body, albeit driven by the same mechanism.

Finally, we are continuing to investigate whether, in addition to MGP, other proteins associated
with bone metabolism or vascular calcification73 are expressed in the trabecular meshwork.
Analysis of the various microarray data in our laboratory indicated that BMP2, osteoprotegerin
(OPG), osteocalcin (bone Gla protein), osteomodulin (osteoadherin), osteopontin (OPN),
osteonectin (SPARC), osteoglycin, Cbfa1, ALP, and parathyroid hormone-related peptide
(PTHrP) are all expressed either in the meshwork tissue or in its primary cultured cells.
Interestingly, in addition to MGP, some of these osteogenic genes were regulated by elevated
pressure, and some were among the 20 most upregulated. Thus, osteoblastspecific factor 2,
induced after 2- to 4-day IOP insult,9 is the most relevant isoform of Cba1, a key transcription
factor in the differentiation of mesenchymal cells to osteoblasts and is also present in calcified
arteries.74,75 Osteomodulin, also expressed in odontoblasts and involved in biomineralization,
was among the most downregulated genes at 2 to 4 days of elevated IOP.9 Osteoglycin
(osteoinductive factor), which induces bone formation in conjunction with TGFβ and is
differentially expressed in atherosclerotic plaques,76,77 was induced after 7 days of IOP insult
(T. Borrás, unpublished observations, 2005).

In summary, our findings support the presence of higher mineralization characteristics in the
trabecular meshwork of glaucoma tissues. Together with our previous findings,16 they support
evidence of an inhibition of the calcification mechanism in the human trabecular meshwork.
Because of the unique characteristics of the eye, the appearance of this mechanism in the cells
of the outflow tissue might have developed in response to a need for strong protection against
the potent calcification inducers associated with physiological functions of the eye and with
pathologic insults. These would include the physiologically high levels of ascorbic acid (potent
inducer of calcification) in the aqueous humor78 and the pathologic agents elevated during
conditions of glaucoma, such TGFβ2, DEX, CTGF, and endothelin-1. Compromising the
inhibition of the calcification mechanism might contribute to the development of disease while
strengthening such inhibition by local administrators could open the way for new treatments
of glaucoma.
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Figure 1.
Comparison of alkaline phosphatase activity in the trabecular meshwork of anterior segments
of normal and glaucomatous eyes. Top: information on the age, sex, race, and disease state of
the nine donors used in this study (normal, n = 4; glaucoma, n = 5). Glaucomatous eyes used
in matches 4 and 5 were matched against the normal donor. Bottom: anterior segments were
perfused at constant flow between 1 to 6 days. The averaged perfused pressure of the eyes at
24 hours baseline was 19.6 ± 7.1 mm Hg. Extracts of dissected trabecular meshwork tissues
were divided into aliquots and evaluated for endogenous ALP and DNA content. ALP values
were normalized to total genomic DNA. Normalized ALP of normal and glaucomatous samples
were averaged (mean ± SEM) and analyzed by the Student's t-test. *P ≤ 0.04. ALP activity
was significantly elevated in glaucomatous trabecular meshworks.
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Figure 2.
Effect of DEX treatment on calcification of primary HTM cells. Top, middle: HTM-63 cells
in passage 4 were grown to confluence, treated with 0.1 μM DEX every other day for 7 days,
and stained with 2% alizarin red. DEX-treated cells showed show positive red/orange staining
for calcification. Top: general view with standard digital camera. Middle: Brightfield images
obtained with a microscope (CK40; Olympus) equipped with a CCD DP70 digital camera
(original magnification, ×200). Left: stained-untreated cells. Middle: unstained-treated cells.
Right: stained-treated cells showing positive nodules. Bottom: parallel untreated (n = 3) and
DEX-treated HTM-63 cells were harvested at 3, 5, and 7 days after treatment (n = 2 each). Cell
extracts were divided into aliquots and evaluated for endogenous ALP and DNA content. ALP
values were normalized to cell number, represented by total genomic DNA (mean ± SEM).
*P ≤ 0.0004 (day 5). *P ≤ 0.001 (day 7). Experiments were repeated in HTM-70 and gave
similar results. HTM cells treated with DEX form calcification nodules and show time-
dependent increases of ALP activity in the primary HTM cells.
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Figure 3.
TGFβ2 effect on the alkaline phosphatase activity of primary HTM cells. Confluent HTM-63
cells in passage 5 were treated with 1 ng/mL and 3 ng/mL TGFβ2 for 3 days in serum-free
medium. Extracts from harvested cells were divided into aliquots and evaluated for endogenous
ALP and genomic DNA content. ALP levels were normalized to cell number, represented by
total genomic DNA (mean ± SEM). *P ≤ 0.0002 (1 ng/mL, n = 3). *P ≤ 0.001 (3 ng/mL, n =
3). TGFβ2 significantly induces ALP in a dose-dependent manner in the primary HTM cells.
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Figure 4.
Expression of MGP and γ-carboxylase enzyme (γ-GGCX) in the trabecular meshwork tissue
from normal and glaucoma donors. Top: information on the age, sex, race, and disease state of
the eight donors used in this study (normal, n = 4; glaucoma, n = 4). Glaucomatous eye used
in match 9 was from the same person used in match 5 in Figure 1. Anterior segments were
perfused at constant flow between 1 to 5 days. Average perfused pressure of the eyes at 24
hours baseline was 15.9 ± 3.8 mm Hg. Trabecular meshwork tissues were dissected from frozen
or RNA-later perfused anterior segments, or both, and were processed for RNA, RT, and
exponential amplification with MGP, γ-GGCX, or 18S TaqMan PCR probes, as described in
Methods. Normalization was achieved with the 18S TaqMan probe hybridized to 10−4 diluted
RTs. Left middle, left lower: individual and average (mean ± SEM) fold changes of MGP and
γ-GGCX in POAG versus normal specimens, normalized to 18S cDNA. After normalization,
normal samples are given a value of 1.0. Right: representative CT logarithmic curves of the
real-time TaqMan hybridizations of MGP, γ-GGCX, and 18S to cDNAs from POAG and
normal. *P ≤ 0.006 (n = 9). MGP and its activating enzyme γ-GGCX are downregulated in
intact trabecular meshworks obtained after death from donors with glaucoma.
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Figure 5.
Expression of MGP and γ-carboxylase enzyme (γ-GGCX) in primary trabecular meshwork
cells treated with TGFβ2. Primary HTM cells, passage 6, were treated with 1 ng or 3 ng/mL
TGFβ2 for 3 days in serum-free medium. Controls cells were left untreated. Wells were
processed for RNA, RT, and exponential amplification with MGP, γ-GGCX, or 18S TaqMan
PCR probes, as described in Methods. Normalization was achieved with the 18S TaqMan probe
hybridized to 10−4 diluted RTs. Untreated samples were normalized to a value of 1.0, and fold
change values are expressed as the mean ± SEM. Left: fold changes of MGP (top) and γ-
GGCX (bottom) cDNAs in TGFβ2-treated versus untreated samples were normalized to 18S
cDNA. Right: representative CT logarithmic curves of the real-time TaqMan hybridizations of
MGP, γ-GGCX, and 18S to cDNAs from TGFβ2-treated and untreated cells. *P ≤ 0.006
(MGP; 1 ng/mL; n = 3). *P ≤ 0.0001 (MGP; 3 ng/mL; n = 3). *P ≤ 0.004 (γ-GGCX; 1 ng/mL;
n = 3). *P ≤ 0.003 (γ-GGCX; 3 ng/mL; n= 3). TGFβ2 downregulates MGP and its activating
enzyme γ-carboxylase in human trabecular meshwork cells.
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Figure 6.
Effect of silencing the MGP gene in human trabecular meshwork cells. Primary human
trabecular meshwork cells were transfected by nucleofector electroporation with either MGP
siRNA (40 nM and 80 nM final concentrations) or scrambled negative control siRNA (40 nM
final). Forty-eight hours after transfection, cells were harvested and homogenized, and aliquots
were taken for total RNA, endogenous ALP, and genomic DNA extraction and determination.
RNA was reverse transcribed, analyzed, and normalized for MGP expression by real-time
TaqMan PCR using probes, as described in Methods. Scrambled negative control siRNA
samples are given a value of 100. Top: percentage of remaining transcripts in cells treated with
MGP siRNA compared with those treated with the scrambled negative control siRNA.
Bottom: normalized endogenous ALP values in MGP and scrambled negative control siRNA-
treated samples (n = 3). *P ≤ 0.0003. MGP siRNA silences the MGP gene efficiently in the
human trabecular cells. Silencing MGP results in increased endogenous ALP activity.

Xue et al. Page 21

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2008 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Schematic illustration depicting the transition of vascular precursor cells to osteoblasts,
together with the hypothesis presented here of trabecular meshwork cells undergoing similar
osteogenic differentiation.
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