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Mutations in the myocilin gene are associated with
juvenile and adult-onset primary open-angle glau-
coma. However, the pathogenic mechanisms of myo-
cilin-induced glaucoma are still largely unknown. To
investigate these mechanisms, we developed stably
transfected HEK293 cell lines expressing wild-type or
mutant (Y437H and I477N) myocilins under an induc-
ible promoter. Expression of two mutant myocilins
led to different levels of endoplasmic reticulum stress
and increased apoptosis after treatment of cells with
hydrogen peroxide. The Y437H mutant myocilin cell
line showed the highest sensitivity to the oxidant
treatment. Several antioxidant genes were down-
regulated in the Y437H mutant myocilin cell line ,
but not in other cell lines. The Y437H mutant myo-
cilin cell line also produced more reactive oxygen
species than other cell lines examined. Consistent
with the data obtained in cultured cells , the endo-
plasmic reticulum stress marker , 78 kDa glucose-
regulated protein, was up-regulated, whereas anti-
oxidant proteins , paraoxonase 2 and glutathione
peroxidase 3, were down-regulated in the eye angle
tissue of 18-month-old transgenic mice expressing
Y437H myocilin mutant. In addition, a pro-apop-
totic factor , CCAAT/enhancer-binding protein-ho-
mologous protein, was up-regulated in the aged
transgenic mouse angle tissue. Our results suggest
that expression of mutated myocilins may have a
sensitization effect , which can lead to a severe phe-
notype in combination with oxidative stress. Mu-
tant myocilins may confer different sensitivity to
oxidative stress depending on the mutation. (Am J Pathol

2010, 176:2880–2890; DOI: 10.2353/ajpath.2010.090853)

Glaucoma is a group of chronic optic neuropathies char-
acterized by the death of retinal ganglion cells, leading to
a specific deformation of the optic nerve, known as glau-
comatous cupping, and progressive loss of the visual
field. Glaucoma is one of the leading causes of irrevers-
ible blindness in the world. It is estimated to affect more
than 60 million and blind about 4.5 million people world-
wide.1 Elevated intraocular pressure (IOP) is the most
important risk factor for the onset and progression of
glaucoma. Different forms of glaucoma are classified by
the appearance of the iridocorneal angle, which is impor-
tant in regulating the drainage of aqueous humor from the
eye. In primary open-angle glaucoma (POAG), the most
common form of glaucoma in populations of European
and African ancestry, there are no clear abnormalities in
the geometry and appearance of the iridocorneal angle.
Several theories have been suggested to explain possi-
ble deficiencies in the eye drainage structures that may
lead to POAG.2,3 Family history of POAG, old age, black
race, myopia, and low diastolic perfusion pressure are
well established risk factors for POAG.2,4

It is now well demonstrated that mutations in the
MYOCILIN (MYOC) gene are associated with elevated
IOP and with POAG.5,6 They are found in more than 10%
of cases of juvenile POAG occurring between the ages of
3 and 40 years4 and 3% to 4% of cases of adult onset
POAG occurring after 40 years of age.5,7,8 The MYOC
gene is expressed in various ocular and nonocular tis-
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sues with the highest levels of expression in the trabec-
ular meshwork (TM) and sclera.6,9–11 It encodes a se-
creted protein that contains a leucine zipper in the
N-terminus and the olfactomedin domain in the C-termi-
nus.12–14 The olfactomedin domain was originally iden-
tified in the protein isolated from frog olfactory neuro-
epithelim.15 This domain was subsequently found in
several proteins in species ranging from Caenorhabdi-
tis elegans to Homo sapiens.16

The functions of myocilin protein are still not well un-
derstood. Biochemical data indicate that myocilin may
interact with several intracellular and extracellular matrix
proteins.10,17–21 Our recent data demonstrated that
myocilin interacts with several Wnt receptors in the
Frizzled family as well as with Wnt antagonists in the
secreted Frizzled-related protein family and Wnt inhib-
itory factor-1.22

The absence of open-angle glaucoma in an elderly
woman homozygous for the Arg46Stop mutation23 as well
as the absence of glaucoma in people hemizygous for
MYOC24 suggests that the loss of functional myocilin is
not sufficient for the development of glaucoma or critical
for normal eye function. We suggested that the absence
of a glaucoma phenotype with myocilin null mutations in
the eye may be explained by the compensatory action of
Wnt proteins.22

A glaucoma phenotype appears to be dependent on
expression of mutated myocilin protein in eye tissues.
More than 70 glaucoma-causing mutations have been
identified in the MYOC gene and greater than 90% of
them are located in the region encoding the olfactomedin
domain.7,25 Mutations that are associated with a severe
glaucoma phenotype reduce the solubility of myocilin,
lead to retention of the protein in the endoplasmic retic-
ulum (ER), and prevent its secretion.26–29 Moreover, se-
cretion of wild-type myocilin is impeded in the presence
of mutated myocilin protein, making these mutations
dominant.26,29–31 Accumulation of mutated myocilin in
ER may be deleterious for cells and lead to cell
death.32,33 However, the expression of mutated myocilin
allele (Tyr423His) specifically in the mouse iridocorneal
angle did not lead to detectable TM cell death.34,35

Environment may contribute to the effects of mutated
myocilin. In particular, it is well established that oxidative
stress may be a factor in the progression of many dis-
eases, including glaucoma.36,37 Endothelial-like cells of
the TM are in a direct contact with aqueous humor con-
taining reactive oxygen species (ROS). Recent data
demonstrate that the TM shows the highest sensitivity to
the consequences of oxidative stress among the tissues
of the eye anterior chamber.38 Expression of some myo-
cilin mutants may induce ER stress in vitro,32,39 and ER
stress in turn may cause oxidative stress.40 We hypoth-
esized that expression of mutated myocilin can make
cells more sensitive to oxidative stress both in vitro and
in vivo.

In this article we demonstrate that expression of Y437H
mutant myocilin in cultured cells and in transgenic mice in
vivo induces the unfolded protein response (UPR) and
suppresses expression of a number of proteins involved
in the response to oxidative stress. Expression of myocilin

mutants made cells more sensitive to oxidative stress,
and different mutants provided different levels of sensi-
tivity. Our data suggest that antioxidative agents should
be assessed as therapeutic agents for myocilin-induced
glaucoma.

Materials and Methods

Plasmids

The pTRE-Tight expression vector (Clontech Laborato-
ries, Mountain View, CA) was used to produce HEK293
Tet-on stably transfected cell lines. Human cDNAs en-
coding wild-type myocilin or I447N mutant myocilin
cloned in the pCS2-FLAG vector and Y437H mutant myo-
cilin cloned in the pCS2 vector10 were digested with
BamH1 and XbaI (New England BioLabs, Ipswich, MA).
The restriction fragments were cloned into the pTRE-Tight
vector digested with the same enzymes. The identity of
the constructs was confirmed by sequencing. Wild-type
myocilin cDNA and four myocilin mutants (P370L, Y437H,
I477N, and N480K) were cloned into the pRcCMV vec-
tor30 and were kindly provided by Dr. V. Raymond (Mo-
lecular Endocrinology and Oncology Research Center,
Laval University Hospital Research Center, Québec City,
Québec, Canada).

Generation of Stable Cell Lines

HEK293 Tet-On cell line (Clontech Laboratories) that
constitutively expressed the tetracycline activator was
co-transfected with one of the four plasmids (pTRE,
pTRE-MYOC-FLAG, pTRE-Y437H MYOC, or pTRE-I477N
MYOC-FLAG) and the linearized plasmid encoding the
hygromycin resistance gene for selection in 10:1 ratios by
using lipofectamine 2000 (Stratagene, La Jolla, CA). Sta-
bly transfected clones were selected in the medium con-
taining G418 (100 �g/ml; Clontech Laboratories) and
hygromycin B (400 �g/ml; Clontech Laboratories). Indi-
vidual clones were isolated and analyzed by Western
blotting for the expression of the transgene after the
treatment with 1 �g/ml of doxycycline (DOX; Clontech
Laboratories) for 48 hours.

Cell Culture and Treatment

Tet-on stably transfected cells were maintained in Dul-
becco’s modified Eagle’s medium supplemented with
10% Tet system-proved fetal bovine serum (Clontech
Laboratories), penicillin (100 U/ml), streptomycin (100
�g/ml), hygromycin B (200 �g/ml), and G418 (100 �g/ml)
at 37°C in a humidified atmosphere of 5% CO2. Oxidative
stress was induced by the incubation with 100 to 500
�mol/L H2O2 (Sigma, St. Louis, MO) in the medium con-
taining 2% Tet system-proved fetal bovine serum for 24
hours. To induce ER stress in control experiments, vector
control cells were treated with 3 �mol/L thapsigargin
(Sigma) in medium containing 2% Tet system-proved
fetal bovine serum for 24 hours.

Myocilin Mutants and Oxidative Stress 2881
AJP June 2010, Vol. 176, No. 6



Terminal Deoxynucleotidyl
Transferase-Mediated dUTP Nick-End
Labeling Assay

Apoptotic cells were detected by a terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) assay by using a DeadEnd colorimetric TUNEL
system (Promega, Madison, WI). Tet-on stably trans-
fected cells that had been grown on CC2 treated four-
well glass slides (Nalge Nunc International, Naperville,
IL) were fixed in 4% paraformaldehyde and stained to
detect apoptotic cells by following the manufacturer’s
instructions.

Trypan Blue Exclusion Assay

Cells were incubated with H2O2 as described above, and
then detached from the culture plates by using 0.05%
trypsin and 0.5 mmol/L EDTA solution. Trypsin activity
was quenched by using a soybean trypsin inhibitor (0.05
mg/ml; Sigma). Subsequently, an equal volume of 0.4%
(w/v) trypan blue solution (Gibco-BRL, Grand Island, NY)
was added to the cell suspension, and unstained (viable)
and stained (nonviable) cells were counted by using a
hemocytometer under an optical microscope. The ratio of
dead cells was determined as a percentage of stained
cells relatively total cells.

Western Blotting

The mouse iridocorneal angle tissues (the ciliary body,
trabecular meshwork, and base of the iris and cornea)
were dissected, homogenized in the lysis buffer (50
mmol/L Tris, pH 7.5, 5 mmol/L EDTA, 20 mmol/L dithio-
threitol, 0.2% SDS, 1% Triton X-100, and 1% Tween 20),
and centrifuged to remove insoluble material. Proteins of
the soluble fraction (20 �g) were separated by NuPAGE
4–12% gradient Bis-Tris gel (Invitrogen, Carlsbad, CA)
and transferred to a nitrocellulose membrane (Invitro-
gen). Membranes were pre-incubated in a blocking
buffer (5% nonfat milk, 25 mmol/L Tris, 150 mmol/L NaCl,
0.05% Tween 20, pH 7.4) and then incubated with anti-
bodies against myocilin (1:2000),41 anti-78 kDa glucose-
regulated protein (GRP78; 1:500; Santa Cruz Biotechno-

logy, Santa Cruz, CA), glutathione peroxidase 3 (GPx-3;
1:500; Abcam, Cambridge, MA), paraoxonase 2 (PON2;
1:750; Proteintech Group, Chicago, IL), or HSC70 (1:
2000; Santa Cruz Biotechnology) in blocking buffer over-
night at 4°C. Secondary antibodies (an anti-rabbit or
anti-mouse horseradish peroxidase antibody; Amer-
sham, Piscataway, NJ) were diluted 1:5000 in a blocking
buffer and incubated for 2 hours at room temperature.
Stably or transiently transfected cells were lysed in Mg2�

lysis buffer (Upstate, Temecula, CA) containing a pro-
tease inhibitor cocktail (Roche, Mannheim, Germany).
The following antibodies and dilutions were used: anti-
myocilin (1:1000; R&D Systems, Minneapolis, MN),
GRP78 (1:1000; Cell Signaling Technology, Beverly, MA),
anti-protein disulfide isomerase (PDI; 1:1000; BD Bio-
science, San Diego, CA), anti-glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH; 1:2000; Abcam), anti-
cleaved poly (ADP-ribose) polymerase (PARP; 1:1000;
Cell Signaling Technology), or anti-PON2 (1:1500; Pro-
teintech Group). The immunoreactive bands were devel-
oped by using SuperSignal WestDura (Pierce, Rockford,
IL). For the quantification, scanned images were ana-
lyzed by Image J software (NIH, Bethesda, MD).

Quantitative RT-PCR

Total RNA was extracted from Tet-On cells by using a
Trizol reagent (Invitrogen). cDNA was obtained by re-
verse transcription of mRNA by using Oligo(dT) as a
primer and a SuperScript III first-strand synthesis system
(Invitrogen). Forward and reverse primers used are listed
in Table 1. Primers for GAPDH were used as an internal
control. Quantitative PCR was performed by using a
SYBR Green PCR Master Mix (ABI, Foster City, CA) and
a 7900HT Real Time Thermocycler (ABI).

Detection of Intracellular ROS Accumulation

After treatment with doxycycline for 48 hours, cells were
washed with warm PBS and then incubated in PBS con-
taining 5 �mol/L 2�7�-dichlorodihydrofluorescein diac-
etate (Molecular Probes, Eugene, OR) at 37°C for 30
minutes. Subsequently, the cells were washed twice with
PBS and observed by using an Axioplan-2 fluorescence

Table 1. Primers Used for Quantitative Real-Time PCR

Target gene Gene symbol Sequence

Myocilin MYOC F: 5�-AGACACCGGATATGGAGAAC-3�
R: 5�-CTCGCATCCACACACCATAC-3�

Glyceraldehyde-3-phosphate dehydrogenase GAPDH F: 5�-GGAGTCCACTGGCGTCTTCAC-3�
R: 5�-GAGGCATTGCTGATGTTGAGG-3�

Glutathione peroxidase 3 GPx-3 F: 5�-ATGCTGGCAAATACGTCCTC-3�
R: 5�-AGAATGACCAGACCGAATGG-3�

Apolipoprotein E APOE F: 5�-GGTCGCTTTTGGGATTACCT-3�
R: 5�-TCCAGTTCCGATTTGTAGGC-3�

Paraoxonase 2 PON2 F: 5�-TGATTCAGCAAATGGGATCA-3�
R: 5�-CCACCAGTGTATCCAGCTCA-3�

Isocitrate dehydrogenase 1 IDH1 F: 5�-ACAGGAGACGTCCACCAATC-3�
R: 5�-GCTTTGCTCTGTGGGCTAAC-3�

F, forward; R, reverse.
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microscope (Carl Zeiss, Jena, Germany) with excitation
at 488 nm and emission at 530 nm. Fluorescent images
were captured by using an Axioplan-2 microscope
equipped with an Axiocam HRc digital camera. Pseudo
colored images from the captured image were obtained
by using Image J (NIH).

Eye Section and Immunohistochemistry

Mouse eyes were fixed in 10% neutral buffered formalin
at 4°C for 24 hours before processing for paraffin em-
bedding. Deparaffinized sections were examined under
the Axioplan-2 fluorescence microscope (Carl Zeiss).
The thickness of the region that included the TM,
Schlemm’s canal, and surrounding tissues was mea-
sured by using Axiovision 4.7 software (Carl Zeiss).
Immunohistochemistry was performed under the same
conditions for wild-type and transgenic animals. Depar-
affinized sections were incubated with antibodies against
GRP78 (1:100; Santa Cruz Biotechnology), GPx-3 (1:100;
Novus Biologicals, Littleton, CO), or CCAAT/enhancer-
binding protein-homologous protein (CHOP; 1:50; Santa
Cruz Biotechnology) in blocking buffer (2% normal goat
serum, 0.2% Triton X-100 in PBS) for 3 hours at room
temperature. The signals were visualized by staining with
anti-rabbit antibody conjugated to Alexa 594 fluoro-
phores (1:500; Molecular Probes) and 4�,6�-diamidino-2-
phenylindole (DAPI; Molecular Probes). Images were col-
lected by using an Axioplan-2 fluorescence microscope.

Microarray Analysis

RNA was extracted from control and myocilin expressing
cells 48 hours after induction with selected concentra-
tions of DOX by using a Trizol reagent (Invitrogene). Ten
micrograms of total RNA was used for each microarray
study. Gene expression profiling was performed as a
service by Expression Analysis, Inc. (Durham, NC) by
using the Human Affymetrix Gene Chip U133 Plus 2.0
(Affymetrix, Inc., Santa Clara, CA). The microarray gene
expression was analyzed with the Affymetrix Microarray
Suite software.

Results

Characterization of HEK293 Cell Lines
Expressing Wild-Type and Mutated Myocilin

Prolonged expression of mutated myocilin may be dele-
terious to cells. Therefore, to study effects of wild-type
and mutated myocilin on cell physiology and potential
contribution of oxidative stress to these effects, we pro-
duced several HEK293 cell lines stably transfected with
wild-type or mutated myocilin under the control of the
tetracycline-inducible promoter. Two myocilin mutants
associated with severe juvenile POAG, Y437H, and
I477N42 were selected for cell line production. These two
myocilin mutants produce a very similar glaucoma phe-

notype with maximum IOP of 40 to 44 mm Hg and a mean
age at diagnosis of glaucoma of 20 to 21 years.8

Several independent individual HEK293 cell lines were
isolated after transfection with the vector, wild-type myo-
cilin, Y437H, and I477N constructs. No myocilin expres-
sion was detected in any cell line without DOX induction.
In the absence of DOX, all cell lines showed similar
morphology, growth rate, and sensitivity to the treatment
of thapsigargin or hydrogen peroxide (not shown). Indi-
vidual myocilin-transfected cell lines demonstrated differ-
ent levels of myocilin expression after stimulation with 1
�g/ml of DOX as estimated by Western blot experiments
using antibodies against human myocilin (not shown).
Lines demonstrating high inducibility were selected for
subsequent experiments. Generally, expression levels of
transgenes can be profoundly affected by position effect
variation.43 It is possible that the I477N transgene may be
inserted near an enhancer, which would explain higher
inducibility of this mutant line compared with other lines.
To find concentrations of DOX that produce similar levels
of induction for different constructs, we used real-time
PCR (Figure 1A). One microgram per milliliter of DOX for
wild-type myocilin and the Y437H mutant and 0.2 �g/ml
of DOX for the I477N mutant gave similar levels of MYOC
mRNA induction. These DOX concentrations were se-
lected for further experiments.

It has been previously reported that expression of myo-
cilin mutants in TM cells in vitro may be cytotoxic32 and
lead to cell death after long exposure.33 To test whether
expression of myocilin mutants leads to cell death in our
conditions, TUNEL assays were performed with cells ex-
pressing mutated myocilin 2 days after induction of myo-
cilin expression with selected concentration of DOX or
with 5 �g/ml of DOX producing the highest levels of
myocilin induction. Even at a high DOX concentration,
control and myocilin-expressing cells showed similar
morphology and did not show significant apoptotic cell
death as judged by the TUNEL assay, whereas treatment
of cells with 3 �mol/L of thapsigargin, a strong inducer of
the mammalian ER stress through the perturbance of
calcium homeostasis, induced apoptotic cell death (Fig-
ure 1B). The absence of apoptotic cell death after ex-
pression of mutated myocilin for 2 days was confirmed by
the absence of cleaved PARP-1. PARP-1 is proteolytically
cleaved in the course of apoptosis producing two frag-
ments.44 Thapsigargin treatment (3 �mol/L) induced the
formation of a cleaved form of PARP-1, whereas expres-
sion of mutated myocilin did not produce higher levels of
cleaved PARP-1 as compared with control samples (Fig-
ure 1C). Although expression of wild-type or mutated
myocilins for 2 days did not induce detectable apoptotic
cell death, their prolonged expression slightly increased
the number of nonviable cells as compared with cells
stably transfected with vector as judged by staining with
Trypan Blue (Figure 1D).

As expected, wild-type myocilin was efficiently se-
creted from expressing cells and detected preferentially
in conditioned medium, whereas both myocilin mutants
were not secreted and located intracellularly (Figure 1, C
and E). Inside the cells, mutated myocilins accumulated
in ER. Accumulation of mutated myocilin in ER induced
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UPR, a major response to ER stress, as judged by the
up-regulation of two end products of UPR, BiP/GRP78,
and PDI (Figure 1, E and F). Expression of wild-type
myocilin did not induce up-regulation of GRP78 and PDI

when compared with control cells. I477N mutant induced
higher levels of GRP78 and PDI when compared with
Y437H mutant, and both mutants induced higher levels of
GRP78 and PDI compared with wild-type myocilin (Figure
1, E and F).

Expression of Myocilin Mutants Induces
Oxidative Stress in HEK293 Cells

It has been reported that misfolding of new synthesized
coagulation factor VIII leads to ER stress, causes oxida-
tive stress, and induces apoptosis in vitro and in vivo.40

Recent data show that transfection of human TM cells
with the P370L myocilin mutant also increases ROS lev-
els.45 To test whether expression of wild-type and mu-
tated myocilins may induce oxidative stress and lead to
elevation of the ROS levels in HEK293 cells, intracellular
ROS of individual cell lines were stained by using a
fluorescent dye, 2�7�-dichlorodihydrofluorescein diac-
etate, 2 days after myocilin induction. Expression of both
myocilin mutants in HEK293 cells increased the amount
of ROS as compared with wild-type and control cells
(Figure 2A). Although the I477N myocilin mutant induced
higher expression levels of proteins involved in UPR, the
Y437H mutant produced a higher level of ROS induction.

To investigate possible mechanisms by which the
Y437H myocilin mutant enables cells to produce a higher
level of ROS than the I477N myocilin mutant, we com-
pared genome-wide expression profiles of two mutant
myocilin cell lines by using a microarray analysis. The
gene expression profiles were analyzed in control and
myocilin expressing HEK293 cells 2 days after myocilin
induction (M.K.J. and S.I.T., unpublished). We paid spe-
cial attention to genes involved in cell protection against
oxidative stress. Some of them were specifically down-
regulated in cells expressing the Y437H myocilin mutant
as compared with cells expressing the I477N mutant
(Table 2).

To verify microarray data, we measured the expression
levels of four genes identified by microarray hybridization
by using real-time PCR. The results showed that expres-
sion levels of four selected genes, GPx-3, apolipoprotein
E, isocitrate dehydrogenase, and PON2, were signifi-
cantly reduced in cells expressing the Y437H mutant as
compared with cells expressing wild-type myocilin or the
I477N mutant (Figure 2B). For PON2, this result was
confirmed by Western blotting (Figure 2C). Increasing
levels of Y437H mutant myocilin led to further reduction of
PON2 levels (Figure 2D, left panel). At the same time,
increasing levels of the I477N myocilin mutant did not
reduce PON2 levels (Figure 2D, right panel). Although
the expression of the GPx-3 gene was well detected in
our cell lines by quantitative PCR, we could not detect the
corresponding protein by Western blotting (not shown).
GPx-3 contains selenium at its active site in a form of
selenocysteine.46 It has been reported that selenium in
culture media is not efficiently used by cultured cells.47

Therefore, these cells may not efficiently produce seleno-
proteins in vitro.

Figure 1. Characterization of stably transfected HEK293 cell lines expressing
wild-type and mutated myocilins. A: Established Tet-on HEK293 cells harboring
a plasmid encoding wild-type, Y437H mutant, or I477N mutant myocilin were
cultured in the presence of indicated concentration of DOX for 48 hours. Total
RNA was isolated and the MYOC gene expression levels were quantified by
quantitative PCR with a MYOC-specific primer set. Asterisks indicate the se-
lected concentrations of DOX that were used in most subsequent experiments.
Error bars represent � SD of triplicate cultures. B: Tet-on HEK293 cells were
cultured in media containing high concentration (5 �g/ml) of DOX for 48 hours.
For the thapsigargin (TG) treatment, vector control cells were incubated with 3
�mol/L TG for 24 hours. Apoptotic cells were examined by the TUNEL assay.
Dark spots represent apoptotic cells. Scale bar � 100 �m. C: Cell lysates from the
HEK293 cells that were cultured as in B were immunoblotted with anti-myocilin,
anit-GRP78, anti-cleaved PARP, and anti-GAPDH antibodies. D: The Tet-on
HEK293 cells were cultured for 10 days in the medium containing 1 �g/ml DOX
for vector, wild-type, and Y437H mutant myocilin cell lines or 0.2 �g/ml DOX
for the I477N mutant myocilin cell line. The media were replaced every two
days. The ratio of dead cells to total cells was determined by Trypan Blue
staining. Error bars represent � SD of triplicate cultures. E: The Tet-on HEK293
cells were cultured in the presence of indicated concentration of DOX for 48
hours. Cell lysates or conditioned media were immunoblotted with anti-myoci-
lin, anti-GRP78, anti-PDI, and anti-GAPDH antibodies. Lower mobility of wild-
type and the I477N myocilin mutant is explained by the presence of the FLAG
tag at their C-terminus. F: Band densities for GRP78 and PDI in E were quantified
by using Image J software. Comparisons of densitometry values were made
relative to their value in Y437H mutant myocilin cell line. Error bars represent � SD.
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Expression of Mutated Myocilins Makes
HEK293 Cells More Sensitive to Oxidative
Stress

Because expression of mutated myocilins increased in-
tracellular ROS levels, we hypothesized that cells ex-
pressing mutated myocilins might have different sensitiv-

ity to oxidative stress. To induce oxidative stress, we
treated cells with H2O2. First, we demonstrated that treat-
ment of control HEK293 cells with H2O2 does not induce
apoptosis when concentration of H2O2 was below 200
�mol/L (Figure 3A). A 500 �mol/L concentration of H2O2

produced multiple apoptotic cells (Figure 3A). A 100
�mol/L concentration of H2O2, which did not produce
visible damaging effect in control HEK293 cells, was
selected for further experiments.

When cells expressing wild-type myocilin were treated
with 100 �mol/L H2O2, no apoptotic cells were observed
by TUNEL (Figure 3B). However, similar treatment of cells
expressing mutated myocilins produced significant
amounts of apoptotic cells. Cells expressing the Y437H
mutant showed higher sensitivity to H2O2 than cells
expressing the I477N mutant (Figure 3B). Of Y437H
mutant myocilin cells and of I477N mutant myocilin
cells, 11.6% � 0.5% and 8.8% � 0.1% were identified as
TUNEL-positive, respectively (Figure 3C). After H2O2

treatment, more detached cells were observed in the two
mutant myocilin cell lines as compared with control and
wild-type myocilin cell lines. The number of dead cells
was evaluated from the total cells, including the detached
cells by Trypan Blue exclusion assay. Similar to the re-
sults shown in Figure 3C, both cell lines containing myo-
cilin mutants showed increased cell death with Y437H
mutant showing higher sensitivity to H2O2 than I477N
mutant (Figure 3D). The number of Trypan Blue stained
cells were higher than that of TUNEL positive cells, indi-
cating that a large portion of the detached cells were
dead cells. These results were confirmed in transient
transfection experiments. HEK293 cells were transiently
transfected with constructs encoding wild-type myocilin
and four mutants, P370L, Y437H, I477N, and N480K.
Four mutant constructs showed similar levels of expres-
sion as judged by Western blotting (Figure 3G). Cells
expressing the P370L myocilin mutant were the most
sensitive, and cells expressing the N480K mutants were
the least sensitive to the H2O2 treatment (Figure 3H).
Cells expressing the Y437H mutant were more sensitive
to the treatment than cells expressing the I477N mutant,
confirming that different sensitivities between mutant
myocilin-containing cell lines is not due to artifact in-
duced by the FLAG tag. A modification of cell membrane
in the course of transient transfection generated addi-
tional sensitivity to the oxidative damage in these cells as
compared with stably transfected cells (compare num-
bers for control cells in Figures 3, D and H).

Expression of mutated myocilins did not induce PARP
cleavage by itself (Figure 1C), whereas the treatment of

Figure 2. Y437H mutant myocilin reduces the expression of several genes
encoding antioxidant proteins. A: Tet-on HEK293 cells were cultured for 48
hours in the medium containing 1 �g/ml DOX for vector, wild-type, and the
Y437H mutant myocilin cell line or 0.2 �g/ml DOX for the I477N mutant
myocilin cell line. Intracellular ROS was monitored with a fluorescent indi-
cator dye, 5 �mol/L Chloromethyl-2’7’-dichlorodihydrofluorescein. All im-
ages were taken at the same exposure setting. Images in the lower row were
pseudo-colored according to fluorescence intensity. Red color represents
high concentration of ROS and blue color represents low concentration of
ROS. Scale bar � 50 �m. B: Tet-on HEK293 cells were cultured as in A. Total
RNA was prepared, and quantitative PCR was performed with specific primer
sets for each gene. All comparisons of the gene expression levels were made
relative to their expression levels in control (vector) cells. Error bars repre-
sent � SD of triplicate cultures. C: Cell lysates from the above cells were
immunoblotted with anti-PON2 and anti-GAPDH antibodies. D: Y437H mu-
tant (left) or I477N mutant (right) myocilin was induced by the adding of
indicated concentration of DOX for 48 hours. Cell lysates were immunoblot-
ted with anti-myocilin, anti-PON2, and anti-GAPDH antibodies.

Table 2. Antioxidant Genes That Were Down-Regulated in the Cell Line Expressing the Y437H Myocilin Mutant

GenBank accession no. Gene product Gene symbol Fold change (Y437H versus I477N)

NM�002084 Glutathione peroxidase 3 GPx-3 �4.90
NM�000041 Apolipoprotein E APOE �3.68
NM�000783 Cytochrome P450, family 26,

subfamily A, polypeptide 1
CYP26A1 �3.93

NM�000305 Paraoxonase 2 PON2 �2.49
U94592 Uncoupling protein 2 UCP2 �2.27
BC012846 Isocitrate dehydrogenase 1 IDH1 �2.31
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cells expressing mutant, but not wild-type, myocilins with
H2O2 induced PARP cleavage. A slightly higher level of
cleaved PARP was detected in the Y437H cell line as
compared with the I477N cell line (Figure 3, E and F).

We concluded that expression of mutated myocilins
makes cells more sensitive to oxidative stress as com-
pared with cells expressing wild-type myocilin with the

Y437H mutant providing higher sensitivity than I477N
mutant.

Expression of the Y437H Mutant in Eye Angle
Tissues of Transgenic Mice Induces UPR
and Reduces the Levels of Oxidative
Stress-Protective Proteins

Previously, we have produced transgenic mice express-
ing the Y437H myocilin mutant in the eye angle tissues.48

These mice demonstrated moderate elevation of IOP and
degeneration of retinal ganglion cells in the peripheral
retina.48 Such changes were detected only in aged (15 to
18 months old) but not young (4 to 6 months old) trans-
genic mice.48 Young (4 months old) and aged (16
months old) transgenic mice showed elevated combined
levels of mutated and wild-type myocilins as compared
with wild-type littermates probably due to expression of
mutated myocilin (Figure 4A). Aged animals showed
higher combined levels of myocilin than young animals.
To test whether some effects induced by the expression
of mutated myocilin in HEK293 cells in vitro may be also
observed in transgenic animals in vivo, we first checked
the induction of UPR in the eye angle tissues of young
and aged mice by using BiP/GPR78 as a marker. The
expression of BiP/GRP78 was not detected in young
transgenic animals when low levels of mutant myocilin

Figure 3. Accumulation of mutant myocilins sensitizes cells to oxidative
stress. A: Vector control cells were cultured in the media containing indicated
concentration of H2O2 for 24 hours. Apoptotic cells (dark cells) were de-
tected by the TUNEL assay. Only few apoptotic cells were detected when
concentration of H2O2 was not more than 200 �mol/L. B: Tet-on HEK293
cells were pre-incubated for 24 hours with 1 �g/ml DOX for vector, wild-
type, and the Y437H mutant myocilin cell line or 0.2 �g/ml DOX for the
I477N mutant myocilin cell line, and then they were cultured in the media
containing 100 �mol/L H2O2 and DOX for additional 24 hours. Apoptotic
cells were identified by the TUNEL assay. Scale bar � 100 �m. C: TUNEL
positive cells in B were counted. Error bars represent � SD of triplicate
cultures. D: Dead cells were counted by using a hemocytometer after Trypan
Blue staining. Error bars represent � SD of triplicate cultures. E: Cells were
incubated as in B. Cell lysates were immunoblotted with anti-myocilin,
anti-cleaved PARP, and anti-GAPDH antibodies. F: Band densities for
cleaved PARP in E were quantified by using Image J software. Comparisons
were made relative to the Y437H mutant myocilin cell line. Error bars
represent � SD. G: HEK293 cells were transiently transfected with constructs
expressing wild-type or one of four different mutant myocilins. Cell lysates
were prepared 48 hours after transfection and were immunoblotted with
anti-myocilin and GAPDH antibodies. H: Transiently transfected HEK293
cells were cultured with 100 �mol/L H2O2 for 24 hours, and then the ratio of
dead cells to total cells was determined by Trypan Blue staining. Error bars
represent � SD of triplicate cultures.

Figure 4. GRP78 is up-regulated in the eye angle tissue of aged transgenic
mice expressing Y437H mutant myocilin. A: Lysates from the dissected angle
tissue of young (four months old) and aged (16 months old) wild-type or
transgenic mice were immunoblotted with anti-myocilin, anti-GRP78, and
anti-HSC70 antibodies. HSC70 was used for internal control. B: Eye sections
of aged wild-type and transgenic mice were stained with anti-GRP78 anti-
body and DAPI (lower row). Upper row shows the bright field images. CB,
ciliary body. Scale bar � 50 �m.
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were present in the eye angle tissues. However, accu-
mulation of higher levels of mutated myocilin in aged
animals induced a dramatic up-regulation of BiP/GRP78,
indicating the induction of UPR (Figure 4A). Immunostain-
ing of eye sections from aged mice with antibodies
against GRP78 showed elevated levels of staining in
the ciliary body, TM, and sclera (Figure 4B). Next, we
checked the levels of two enzymes involved in the
defense against oxidative stress, PON2, and GPx-3 in
the angle tissues. We did not find any difference in the
levels of these enzymes between young transgenic and
wild-type mice. High levels of PON2 were detected in
both transgenic and wild-type mice, whereas GPx-3 was
not detected in wild-type and transgenic animals (Figure
5A). However, in aged mice, the levels of PON2 were
significantly reduced in transgenic versus wild-type
mice similar to in vitro results. We were also able to
measure the levels of GPx-3, which were also dramat-
ically reduced in the eyes of transgenic mice (Figure
5A). Quantitatively, PON2 and GPx-3 were reduced by
70% and 80%, respectively, in the eye angle tissues of
transgenic as compared with their wild-type littermates
(Figure 5B). Up-regulation of a protein involved in UPR
(GRP78) and down-regulation of a protein participating in
the defense against oxidative stress (GPx-3) were ob-
served in an independent line of transgenic mice ex-
pressing the Y437H human myocilin mutant (not shown).

Immunostaining of the eye sections from aged mice
with antibodies against GPx-3 showed that the TM, the
main site of myocilin expression, showed the most pro-
nounced reduction in the levels of GPx-3 (Figure 5C).

We concluded that, similar to the cell culture experi-
ments, high-level accumulation of the Y437H myocilin

mutant in the eye angle tissues of aged transgenic ani-
mals induced UPR and reduced the levels of antioxida-
tive enzymes.

Expression of the Y437H Mutant in the Eye
Angle Tissues of Transgenic Mice Markedly
Increases Levels of Pro-Apototic Protein, CHOP

Analysis of eye sections produced from three pairs of
aged wild-type and transgenic mice demonstrated that
the region that included the TM, Schlemm’s canal, and
surrounding tissues was thinner in transgenic than in
wild-type mice, indicating that these tissues may be al-
tered by the expression of the Y437H myocilin mutant. To
investigate whether Y437H mutant myocilin-induced
stress is capable of threatening survival of TM and sur-
rounding tissues, we compared CHOP expression in
aged transgenic and wild-type mice. CHOP is induced
when ER stress is not alleviated and persists.49 CHOP is
a key pro-apoptotic transcription factor, which can inhibit
anti-apoptotic proteins such as Bcl-2 family members
and promote apoptotic caspase activity.50 CHOP over-
expression leads to cell cycle arrest and apoptosis, but
the deletion of the CHOP gene protects cells and animals
from cell death induced by ER stress.49,51 Therefore,
induction of CHOP expression indicates that ER initiated
apoptosis may be prompted. Immunostaining of the eye
sections from aged mice with antibodies against CHOP
showed that only a few cells in TM and its surrounding
tissues of wild-type mice had weak fluorescence signals
for CHOP, whereas most of DAPI positive cells in similar
position of transgenic mice had stronger signals for
CHOP (Figure 6). This result indicates that expression of
Y437H myocilin mutant can provide fatal stress to TM and
its surrounding tissues.

Discussion

It is now well established that mutations in the MYOC
gene may lead to juvenile and adult-onset glaucoma with

Figure 5. Decrease in the levels of antioxidant proteins in the eye angle
tissue of aged transgenic mice expressing Y437H mutant myocilin. A: Lysates
from the dissected angle tissue of young and aged wild-type or transgenic
mice were immunoblotted with anti-PON2, anti-GPx-3, and anti-HSC70 an-
tibodies. Two pairs of mice for PON2 and three pairs of mice for GPx-3 were
analyzed. HSC70 was used for internal control. B: Quantification of the
results shown in A. Error bars represent � SD. C: Eye sections of wild-type
and transgenic mice were stained with anti-GPx-3 antibody and DAPI (lower
row). Upper row shows the bright field images. CB, ciliary body. Scale
bar � 50 �m.

Figure 6. CHOP is up-regulated in the eye angle tissue of aged transgenic
mice expressing Y437H mutant myocilin. Eye sections of aged wild-type
(upper row) and transgenic (lower row) mice were stained with anti-
CHOP antibody and DAPI (right panel). Left panels show the bright field
images and middle panels show high magnification of TM surrounding
region from the white boxes in the left panels. CB, ciliary body. Scale
bar � 50 �m.

Myocilin Mutants and Oxidative Stress 2887
AJP June 2010, Vol. 176, No. 6



elevated IOP in humans. Myocilin is highly expressed in
the TM meshwork, the main component of the aqueous
humor outflow system in the eye, and several reports
suggest that expression of mutated myocilin is deleteri-
ous to cells and may lead to cell death.32,33,39,45 Most of
these data were obtained in vitro in cell culture system by
using not only TM cells but also other cell types. One
possible mechanism of mutated myocilin-induced cell
death involves a chronic induction of ER stress, although
published data are somewhat controversial. It was re-
ported that the level of BiP/GRP78 was up-regulated
in TM cells after expression of the Q368X mutant,32

whereas the level of BiP/GRP78 was reduced in TM cells
after transfection with the P370L myocilin mutant.52 Ex-
pression of mutated mouse myocilin Y423H correspond-
ing to the Y437H human mutant in the mouse TM in vivo
did not lead to the activation of UPR as judged by un-
changed levels of several markers including GRP78.34

Here we used stably transfected HEK293 cells ex-
pressing wild-type and mutated myocilins under an in-
ducible promoter to demonstrate that both mutations that
we used, Y437H and I477N, induced UPR, with the I477N
mutant producing higher activation of UPR markers
(GRP78 and PDI) than the Y437H mutant. We do not
believe that higher activation of UPR markers by the
I477N mutant was due to the presence of the C-terminal
FLAG tag, which was also present in wild-type myocilin.
Expression of the Y437H myocilin mutant in the TM of
transgenic mice also led to ER stress as judged by strong
up-regulation of GRP78 in two independent lines of mice.
This is the first demonstration in the literature that physi-
ological concentrations of mutated myocilin induce ER
stress in vivo. Existing discrepancies in the literature may
be explained by different nature of constructs and mu-
tants used, differing levels of mutated myocilin and ex-
posure time, differences in the methods that were used
for delivering mutated myocilin into cells, and different
source of the cells.

Accumulating evidence suggests that protein misfold-
ing and production of reactive oxygen species are
closely related events.53 Accumulation of unfolded pro-
teins in the ER lumens not only induces ER stress but is
also able to cause oxidative stress.40 ROS by itself can
cause protein misfolding in the ER and reduce protein
secretion.40 Therefore, a combination of ER stress and
oxidative stress may be more deleterious to cells than ER
stress or oxidative stress alone. In this article we tested
the hypothesis that expression of mutated myocilins can
make cells more sensitive to oxidative stress. We dem-
onstrated that expression of two myocilin mutants in-
creased the levels of ROS in HEK293 cells with the
Y437H mutant producing higher levels of ROS than I477N
mutant. We expected that the I477N mutant may induce
higher levels of ROS because this mutant appears to
induce stronger UPR. However, further experiments dem-
onstrated that expression of the Y437H mutant, unlike
expression of the I477N mutant, inhibits expression of
several enzymes involved in cell protection against oxi-
dative stress. Cells expressing the I477N mutant showed
similar levels of tested genes (GPx-3, apolipoprotein E,
isocitrate dehydrogenase, and PON2) expression as

cells expressing wild-type myocilin or control cells. At
present, although we do not understand how the Y437H
myocilin mutant inhibits the expression of antioxidative
enzymes, we can suggest that down-regulation of some
antioxidant genes in the cell line expressing Y437H mu-
tant might be responsible for the increased sensitivity of
the cell line to oxidative stress compared with the cell line
expressing I477N mutant.

Remarkably, expression of the Y437H myocilin mutant
inhibited antioxidative enzymes not only in cell culture but
also in vivo in the TM of two independent lines of trans-
genic mice expressing mutated myocilin. This is the first
demonstration in the literature that physiological levels of
mutated myocilin inhibit antioxidative enzymes. PON2
and GPx-3 are well known antioxidant proteins. It has
been reported that PON2 efficiently reduces oxidative
stress and inhibits ER stress induced apoptosis.54 GPx-3
is one of major scavengers of ROS in extracellular matrix.
Its reduced expression is associated with cardiovascular
diseases and diabetes.55,56 Although its role in ocular
tissues is yet unknown, high expression levels of this
gene in the ciliary epithelium have been identified sug-
gesting that this protein may have an important role in
protection of the anterior segment of the eye from oxida-
tive stress.57 Therefore, the reduced levels of these (and
probably other) antioxidant proteins in the TM may lead to
increased levels of ROS in the eye outflow system.

Expression of mutated myocilins makes cells in culture
more sensitive to oxidative stress and stimulates apopto-
sis after application of oxidative stress. Cells expressing
the Y437H mutant were more sensitive than cells ex-
pressing similar levels of the I477N mutant. Similar results
were obtained with both stably transfected and tran-
siently transfected cells. In transient transfected cells, we
tested a broader collection of mutants and confirmed that
mutant myocilins increase sensitivity of cells to oxidative
stress and that different mutants may provide different
sensitivity to the oxidative stress. Among the mutants
tested, P370L mutant provided the highest sensitivity to
oxidative stress. It is consistent with clinical data showing
that the P370L myocilin mutant is more severe mutant
than the Y437H or I477N mutants as judged by maximum
IOP (45 mm Hg) and mean age at diagnosis (11 to 12
years old).8 It has been recently reported that expression
of the P370L mutant in the culture of human TM cells also
induced ROS generation and might impair mitochondrial
functions.45 We suggest that expression of mutated
Y437H myocilin in transgenic mice in vivo may make cells
more sensitive not only to oxidative but also to other forms
of stress and increase cell death. This could lead to a
reduced thickness of the area containing the TM,
Schlemm’s canal, and surrounding eye tissues of trans-
genic mice as compared with wild-type mice. Changes in
the extracellular matrix due to inhibition of myocilin se-
cretion may also contribute to a reduced thickness of this
area in transgenic mice.

It is well documented that ROS can be produced as a
result of exposure to multiple stresses including irradia-
tion and environmental pollutants or as byproducts of
mitochondrial respiration. People are continuously ex-
posed to oxidative stress that can be brought by various
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exogenous and endogenous sources in daily life. Ac-
cording to our data, if a normal group and a group
harboring mutations in the myocilin gene are exposed to
similar levels of oxidative stress, the latter group can be
more susceptible to the stress. Cigarette smoking is a
well known inducer of ROS and oxidative stress.58 Al-
though there is no clear association between smoking
and development of POAG,59 this may be different for
myocilin-induced glaucoma. People carrying myocilin
mutations should be especially advised against smoking.

TM cells expressing the highest level of myocilin
should be easily damaged by mutations in myocilin. The
synergistic effect of mutant myocilin and oxidative stress
may lead to the loss of TM cells, which is regarded as one
of the potential mechanisms for glaucoma pathogenesis.
It has been demonstrated that feeding mice with a lipid-
soluble antioxidant, butylated hydroxyanisole, prevented
ER-stress-induced oxidative damage, activation of UPR
and apoptosis, and increased the secretion of the fold-
ing-defective coagulation factor VIII.40 A treatment with
antioxidative agents may be considered as a possible
treatment for some forms of myocilin-induced glaucoma.
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