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Myocilin and optineurin are two genes linked to glau-
coma, a major blinding disease characterized by pro-
gressive loss of retinal ganglion cells (RGCs) and their
axons. To investigate the effects of force-expressed
wild-type and mutant myocilin and optineurin on
neurite outgrowth in neuronal cells, we transiently
transfected cells with pEGFP-N1 (mock control) as
well as myocilin and optineurin plasmids including
pMYOCWT-EGFP, pMYOCP370L-EGFP, pMYOC1-367-EGFP,
pOPTNWT-EGFP, and pOPTNE50K-EGFP. PC12 cells
transfected with pEGFP-N1 produced, as anticipated,
long and extensive neuritis on nerve growth factor
induction. The neurite length in those cells trans-
fected with myocilin constructs was shortened and
the number of neurites was also reduced. A similar
inhibitory effect on neurite outgrowth was also elic-
ited by myocilin transfection in RGC5 cells. In con-
trast, neither transfection of the optineurin con-
structs pOPTNWT-EGFP and pOPTNE50K-EGFP nor the
myocilin and optineurin small-interfering RNA treat-
ments induced significant alterations in neurite out-
growth. Transfection with the wild-type optineurin
construct, but not with that of the wild-type myocilin,
increased the apoptotic activity in cells. These results
demonstrated that the two glaucoma genes , myoci-
lin and optineurin, exhibited differential effects on
neurite outgrowth. They may contribute to the de-
velopment of neurodegenerative glaucoma via dis-
tinct mechanisms. (Am J Pathol 2010, 176:343–352; DOI:
10.2353/ajpath.2010.090194)

Glaucoma, one of the leading causes of irreversible
blindness worldwide, is characterized by progressive
loss of retinal ganglion cells (RGCs) and their axons.
Primary open-angle glaucoma (POAG), the most com-

mon form of glaucoma, is frequently associated with in-
creased intraocular pressure (IOP). The IOP is controlled
by a balance between the production and outflow of the
aqueous humor contained in the anterior chamber. The
trabecular meshwork (TM), a specialized eye tissue
neighboring the cornea, is the major site for regulation of
the aqueous humor outflow.1

Recent studies have revealed that POAG is genetically
heterogeneous, caused by several susceptibility genes
and environmental factors.2 To date, a total of 14 chro-
mosomal loci have been mapped and designated as
GLC1A to GLC1N.3,4 Three candidate genes have been
identified that include myocilin as the GLC1A,5,6 op-
tineurin as the GLC1E,7,8 and WDR36 as the GLC1G9

gene.
Myocilin is the first identified gene for both juvenile- and

adult-onset POAG.6 More than 70 myocilin mutations have
been found in a number of families.10 Patients with glau-
coma with myocilin mutation tend to have high IOP.11,12

Among the myocilin mutations, the Gln368Stop (Q368X)
mutation is the most frequent10 and the Pro370Leu (P370L)
mutation is responsible for one of the most severe glau-
coma phenotypes.13–15

The human myocilin gene encodes a protein of 504
amino acids, containing a nonmuscle myosin-like domain
near the amino (N)-terminus and an olfactomedin-like
domain at the carboxyl (C)-terminus.16 Myocilin interacts
with itself and a number of other proteins, mainly through
the leucine zipper motif and a coiled-coil region in the
myosin-like domain.17–19 The wild-type myocilin is a se-
creted protein. Mutants with mutations in the olfatomedin-
like domain, however, are not secreted. They are retained
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in the cells, aggregating to cause endoplasmic reticulum
stress.20–22

Optineurin, identified in 2002,8 is a gene that links
principally to normal tension glaucoma, a subtype of
POAG.23 Optineurin mutations were noted to vary with
ethnic background.24,25 The Glu50Lys (E50K) mutation,
found in Caucasian and Hispanic populations,25 seems
to be associated with a more progressive and severe
disease in patients with normal tension glaucoma.26

The human optineurin gene codes for a 577-amino acid
protein that contains multiple coiled-coil domains and a
C-terminal zinc finger.27,28 The optineurin protein from
different species has high amino acid homology.28 The
amino acid 50 glutamic acid residue is conserved in
mice, rats, chickens, and cows.23 Optineurin is ex-
pressed in many tissues including the brain and the
retina.27,28

Despite intense interest, the roles of myocilin and op-
tineurin in cellular functions still remain largely undefined.
Because glaucoma is a group of diseases known as
progressive optic neuropathies, we undertook the current
study to investigate the effects of myocilin and optineurin
on neurite outgrowth. We demonstrated that overexpres-
sion of wild-type myocilin or P370L and Q368X mutants
caused an inhibition of neurite outgrowth, whereas forced
expressed wild-type or E50K optineurin did not result in
any changes in neuronal rat pheochromocytoma PC1229

and RGC530 cells.

Materials and Methods

Cell Cultures

Rat PC12 cells were obtained from the American Type
Culture Collection (Manassas, VA). The cells were grown
at 37°C in 5% CO2 in RPMI 1640 medium (Sigma, St.
Louis, MO) containing 5% fetal bovine serum (FBS) and
10% calf serum.31 Rat retinal ganglion RGC5 cells were
obtained from the departmental core facility, deposited
by Dr. Paul Knepper,32 generously provided originally by
Dr. Neeraj Agarwal (North Texas Health Science Center,
Fort Worth, TX). RGC5 cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS
and antibiotics.31 Normal human eyes from 22- to 55-
year-old donors were obtained from the Illinois Eye Bank
(Chicago, IL). Human TM cells were cultured as de-
scribed previously33,34 on Falcon Primaria flasks in
complete media containing Dulbecco’s modified Ea-
gle’s medium, 10% FBS, 5% calf serum, and antibiot-
ics. Dexamethasone (10 nmol/L) treatment was per-
formed for 10 days as previously described.34

Plasmids

Wild-type human myocilin (MYOC) open reading frame was
PCR-amplified against pRSET-MYOC35 and cloned into
pTarget (Promega, Madison, WI) to generate pTarget-
MYOCWT.

33 pMYOCWT-EGFP was constructed by PCR
amplification of MYOCWT from pTarget-MYOCWT

by using 5�-GGCGGATCCCGCATCTTGGAGAGCTT-

GATGTC-3� (BamHI site in italics) sense and
5�-GGCGAATTCCCACCATGGCTATGAGGTTCTTCTGT-
GCACG-3� (EcoRI site in italics) antisense primers. The
EcoRI/BamHI-digested PCR product was cloned into
pEGFP-N1 (BD Biosciences, St. Jose, CA) at the
corresponding sites. The mutant myocilin construct,
pMYOCP370L-EGFP, was generated from pMYOCWT-
EGFP by using QuikChange II Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA), sense 5�-CCA-
CGGACAGTTCCTGTATTCTTGGGGTGGC-3� (nucleo-
tides for P370L change in italics) primer, and the anti-
sense primer. Myocilin construct with Q368X mutation,
pMYOC1-367-EGFP, generated by PCR by using
5�-GGCGAATTCCCACCATGGCTATGAGGTTCTTCTGT-
GCACGTTG (EcoRI site in italics) sense and 5�-GGC-
GGATCCCGTCCGTGGTAGCCAGCTCC-3� (BamHI site
in italics) antisense primers was cloned in frame into
pEGFP-N1. Sequencing was performed to determine the
proper orientation and confirm the construct sequences.
Optineurin (OPTN) plasmids pOPTNWT-EGFP and
pOPTNE50K-EGFP were constructed as described
previously.36

Transient Transfection

PC12 and RGC5 cells were plated onto Falcon Primaria
plates with (for PC12) or without (for RGC5) precoating of
the wells overnight at 4°C with 10 �g/ml of bovine colla-
gen type I (BD Biosciences). The medium was replaced
with RPMI 1640 medium containing 1% FBS 1 hour be-
fore the transfection. Transient transfection was per-
formed by using lipofectamine LTX and Plus reagent
(Invitrogen, Carlsbad, CA) for 24 to 48 hours according to
the manufacturer’s protocol.

For small-interfering RNA (siRNA)-mediated knock
down, PC12 cells were plated in complete media at 80 to
90% confluency overnight. The cells were transfected
with 50 to 100 nmol/L of myocilin or optineurin siRNA
duplex (Dharmacon, Lafayette, CO) along with Cy3-la-
beled luciferase GL2 duplex (Dharmacon) for 48 hours
by using TransIT-TKO transfection reagent (Mirus Bio
Corporation, Madison, WI). Myocilin siRNA was from an
on-target plus smart pool of 4 siRNAs specific for rat
myocilin. Target sequence of optineurin siRNA was 5�-
GAAGCCATGAAGCTAAATA-3� and matched to 166 to
184 bp of rat optineurin sequence. As a control, a 19-
nucleotide scrambled siRNA (Dharmacon) was used.

Neurite Outgrowth Measurements

PC12 cells (10,000 cells/well) on collagen type I-coated
24-well plates were transfected with 0.5 �g of plasmid
DNA or 50 to 100 nmol/L of siRNA for 48 hours. The cells
were washed and fed with RPMI 1640 medium containing
1% FBS and 100 ng/ml of nerve growth factor (NGF;
Peprotech, Rocky Hill, NJ) to induce differentiation. In some
experiments, 10 �mol/L of Y27632 (Calbiochem, La Jolla,
CA), 10 �mol/L of forskolin (Calbiochem), 0.8 �mol/L of
15-deoxy-prostagrandin J2 (15-deoxy-PGJ2, Sigma), 0.5
�mol/L of 4-�-phorbol 12-myristate 13-acetate (PMA, Cal-
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biochem) or 20 nmol/L of jasplakinolide (Calbiochem) was
added into the media. After 5 days, cells were photo-
graphed by using phase contrast and fluorescence Axio-
scope (Carl Zeiss MicroImaging, Thornwood, NY). Exten-
sions longer than 15 �m were considered as neurites. The
length of neurites wasmeasured and the number of neurites
was counted in at least 50 cells with the aid of MetaMorph
software (Molecular Devices, Downingtown, PA). Data were
statistically analyzed by Student’s t tests. The intracellular
cyclic AMP (cAMP) level in PC12 cells after transfection with
pTarget-MYOCWT was measured by using the Parameter
cAMP assay kit (R and D Systems, Minneapolis, MN) fol-
lowing manufacturer’s instructions.

RGC5 cells (5000 cells/well) were plated onto 24-well
Falcon Primaria plates. After transiently transfection with
0.5 �g of plasmid DNA for 48 (for myocilin constructs) or
24 (for optineurin constructs) hours, the cells were differ-
entiated with 316 nmol/L staurosporine for another 4
hours37 and photographed by using Axioscope (Carl
Zeiss MicroImaging). Neurite outgrowth was quantified.

Transgene Expression

PC12 cells (50,000 cells/well) plated onto 6-well plates pre-
coated with collagen type I were transfected with 2.5 �g of

Figure 1. Effect of overexpression of wild-type and mutant myocilin and optineurin on neurite
outgrowth in PC12 cells. A: Phase contrast and fluorescence micrographs of cells transiently trans-
fected with pEGFP-N1 (mock control), pMYOCWT-EGFP, pMYOCP370L-EGFP, pMYOC1-367-EGFP,
pOPTNWT-EGFP, or pOPTNE50K-EGFP. After transfection for 48 hours, PC12 cells were differen-
tiated with NGF treatment for 5 days. Images on the right show the transgene expression in green
in transfected cells. Scale bar � 50 �m. B: The length and the number of neurites were measured
in at least 50 transfected green cells and in at least 150 nontransfected cells. Results are expressed
as mean � SEM. Data were statistically analyzed by using Student’s t tests. *P � 0.0005; **P �
0.004; and ***P � 0.02 versus pEGFP-N1. C: Protein extract (80 �g) or 50 �l of medium from
transfected cultures was subjected to immunoblotting with anti-myocilin (MYOC), anti-optineurin
(OPTN), or anti-GAPDH (GAPDH). A major band of myocilin-GFP or optineurin-GFP was
observed. Media collected from dexamethasone-treated human TM cells, used as a positive
control, contained a myocilin (�55 kDa) protein band.
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plasmid DNA for 48 hours. Transfected cells were treated
with 100 ng/ml of NGF for 96 hours. The media were col-
lected and cells were lysed in CellLytic-M cell lysis reagent
(Sigma) containing protease inhibitor cocktail (Roche, Indi-
anapolis, IN). The protein content in the lysate was deter-
mined by using the bicinchoninic acid protein assay kit
(Pierce, Rockford, IL). A total of 80 �g of protein from the
lysate or 50 �l of media was subjected to 10% SDS-poly-
acrylamide gel electrophoresis under reducing conditions,
and transferred to nitrocellulose membranes (Protran BA83,
Whatman, Sanford, ME). The blot was blocked for 45 min-
utes with 5% nonfat dry milk in Tris-buffered saline contain-
ing 0.1% Tween 20 and was subsequently incubated at 4°C
overnight with goat polyclonal anti-myocilin antibody (N15,
Santa Cruz Biotechnology, Santa Cruz, CA) at 1:250 dilu-
tion, rabbit polyclonal anti-optineurin (C-terminal) antibody
(Cayman Chemical, Ann Arbor, MI) at 1:1000 dilution, or
rabbit polyclonal anti-glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) antibody (Trevigen, Gaithersburg,
MD) at 1:6500 dilution. After washing with Tris-buffered saline
containing 0.1% Tween 20, the membrane was incubated for
1 hour at room temperature with horseradish peroxidase-con-
jugated secondary antibody (1:10,000; Jackson ImmunoRe-
serch Laboratories, West Grove, PA). The immunoreactive
bands were visualized with SuperSignal Substrate (Pierce).
For repeated probing, the blot was stripped for 30 minutes
at room temperature with ImmunoPure IgG Elution buffer
(Pierce).

Effects of Exogenous Recombinant Myocilin on
Neurite Outgrowth

Eukaryotically expressed recombinant myocilin protein was
purified as previously described33,38 from conditioned me-
dia of a transformed TM cell line, TM5, provided by Dr. Mike
Fautsch at the Mayo Clinic. The TM5 cells were transduced
with feline immunodeficiency virus that contains full length
human myocilin fused to C-terminal His and V5 tags.

PC12 cells were incubated for 5 days with Dulbecco’s
modified Eagle’s medium containing 1% FBS and 100
ng/ml NGF without or with eukaryotically expressed re-
combinant myocilin protein (1.8, 5, and 20 nmol/L). Bo-
vine serum albumin (20 nmol/L) was used as a control.
Photographs of the cells were taken and the length of
neurites was measured. In additional experiments, Fal-
con Primaria 24-well plates were coated at 4°C overnight
with collagen type I (10 �g/ml) alone or with collagen type
I (10 �g/ml) mixed with recombinant myocilin (5 �g/ml).
PC12 cells (10,000 cells/well) plated onto these coated
wells were cultured overnight, treated with NGF for 5
days, and photographed. The length and number of neu-
rites were determined as above.

Internalization of Fluorescein Isothiocyanate-Labeled
Recombinant Proteins into Cells

The eukaryotically expressed recombinant myocilin, hu-
man holo-transferrin (Sigma, positive control), or recom-
binant �-galactosidase (negative control)39 was conju-
gated with fluorescein isothiocyanate (FITC) by using
EZ-label FITC protein labeling kit (Pierce). Briefly, 0.5 mg

of myocilin was exchanged into 50 mmol/L of borate
buffer (pH 8.5) by dialysis. Transferrin (1 mg) or �-galac-
tosidase (1 mg) was directly dissolved in borate buffer.
An appropriate amount of FITC was added to each pro-
tein and incubated at room temperature for 1 hour. The
sample was dialyzed with phosphate buffered saline
(PBS) to remove uncoupled FITC and to exchange borate
buffer to PBS. The protein content was determined by
bicinchoninic acid protein assay.

PC12 and RGC5 cells were incubated for 4 hours at 37°C
with 25 �g/ml of FITC-labeled myocilin, transferrin, or �-ga-
lactosidase. The cells were washed with PBS and photo-
graphed by using Axioscope (Carl Zeiss MicroImaging).

Apoptosis

Apoptosis was evaluated by the BIOMOL CV-caspase 3
and 7 detection kit (Enzo Life Sciences, Inc, Farmingdale,
NY) that utilizes the fluorophore, cresyl violet, coupled to the
C-terminus of the optimal tetrapeptide recognition se-
quences for caspases 3 and 7, DEVD [CR(DEVD)2]. Cleav-
age of the target sequences by activated enzymes yields a
red fluorescent product throughout the cell, indicative of
apoptotic activity. PC12 and RGC5 cells on glass chamber
slides were transiently transfected for 48 hours to express
wild-type, P370L, or Q368X (1–367) myocilin-green fluores-

Figure 2. Effect of myocilin siRNA treatment on neurite outgrowth in PC12
cells. A: The cells were transfected with either 50 nmol/L scrambled (lane 1)
or rat myocilin-specific siRNAs (lane 2) for 48 hours. The cells were lysed and
immunoblotted with anti-myocilin antibody to evaluate the efficiency of
myocilin knockdown. Anti-GAPDH was used to control protein loading.
B: Phase contrast and fluorescence micrographs of PC12 cells transfected
with either scrambled or myocilin siRNAs (MYOC-siRNA) along with Cy3-
labeled luciferase GL2 duplex. The cells were incubated with NGF for 5 days
and the neurite outgrowth was evaluated as described in Figure 1. The siRNA
transfected cells were marked by red fluorescence. The transfection effi-
ciency is nearly 100%. Scale bar � 20 �m. C: The average length of neurites
was determined. D: The number of neurites per cell was counted. Data
presented were mean � SEM from a representative experiment. Three
experiments were performed with similar results.
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cence protein (GFP), or 24 hours to express wild-type or
E50K optineurin-GFP. They were subsequently incubated
with CR(DEVD)2 for 60 minutes. As a positive control, cells
were treated with 4 �mol/L staurosporine overnight before
the procedure. The slides were mounted in Vectashield with
4’, 6-diamidino-2-phenylindole (DAPI, Vector Laboratories,
Burlingame, CA), which stains nuclei of all transfected
(green) and nontransfected cells.

The total number of DAPI-stained transfected cells
(green) and the number of CR(DEVD)2-stained transfec-
tants (displaying both green and red fluorescence) in 20
of randomly selected 10x fields were counted. The per-
centage of caspase 3/7-positive apoptotic cells in ap-
proximately 100 transfectants was calculated. All exper-
iments were repeated at least three times. Statistical
analysis was performed by using Student’s t tests.

Results

Overexpression of Wild-Type and Mutant
Myocilin, but not Optineurin, Inhibits Neurite
Outgrowth

To examine whether glaucoma genes myocilin and op-
tineurin are involved in neuronal differentiation, wild-type
and mutant plasmids were transiently transfected into

PC12 cells. The transfected cells were then allowed to
differentiate by NGF for 5 days. As shown in Figure 1, A
and B, PC12 cells transfected with control plasmid,
pEGFP-N1, as well as those in nontransfected cultures
displayed long neurites. When the cells were transfected
with pMYOCWT-EGFP, the length of neurites was re-
duced to nearly half of that of pEGFP-N1 controls. The
number of neurites was also decreased. Mutant con-
structs pMYOCP370L-EGFP and pMYOC1-367-EGFP also
elicited an inhibitory effect on neurite outgrowth, compa-
rable with that seen with the wild-type myocilin.

By contrast, transfection of the wild-type or the mutant
optineurin construct, pOPTNWT-EGFP or pOPTNE50K-EGFP,
did not induce significant alterations either in the length or
the number of neurites in PC12 cells. Expression of the

Figure 3. Effect of optineurin siRNA treatment on neurite outgrowth in PC12
cells. A: The cells were transfected with 100 nmol/L scrambled (lane 1) or
optineurin-specific siRNA (lane 2) for 48 hours. The cell lysates were immu-
noblotted with anti-optineurin antibody and anti-GAPDH (to control for
protein loading). B: The effect of optineurin depletion on neurite outgrowth.
PC12 cells transfected with either scrambled or optineurin siRNA (OPTN-
siRNA) along with Cy3-labeled luciferase GL2 duplex were incubated with
NGF for 5 days. The neurite outgrowth was quantified. The siRNA transfected
cells were marked by red fluorescence. Scale bar � 20 �m. C: The average
length of neurites was determined. D: The number of neurites per cell was
counted. Data presented were mean � SEM from three independent exper-
iments. Note that the neurite length and number in cells treated only with
transfection reagent TransIt-TKO were similar to those transfected with
scrambled siRNA.

Figure 4. Effects of overexpressed wild-type and mutant myocilin (A) and op-
tineurin (B) on neurite outgrowth in RGC5 cells. The cells were transiently trans-
fected with pEGFP-N1 (mock control), pMYOCWT-EGFP, pMYOCP370L-EGFP,
pMYOC1-367-EGFP, pOPTNWT-EGFP, or pOPTNE50K-EGFP for 48 (for myocilin
constructs) or 24 (for optineurin constructs) hours. After washing, the cells were
incubated with 316 nmol/L staurosporine for another 4 hours. The transfected
cells were marked by green fluorescence. The average length and the number of
neurites were determined. Data presented were mean � SEM from three inde-
pendent experiments. Scale bar � 50 �m. *P � 0.045, **P � 0.0004.
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myocilin- and optineurin-GFP fusion proteins was con-
firmed by Western blot analyses (Figure 1C).

SiRNA to myocilin that reduced the endogenous level
of myocilin (Figure 2A) and siRNA to optineurin that re-
duced the endogenous level of optineurin (Figure 3A)
affected neither the length nor the number of the neurites
(Figures 2, B–D and 3, B–D).

The myocilin and optineurin overexpressing effects were
similarly observed with RGC5 cells (Figure 4, Aand B), a
neuronal-like cell type with extended neurites.30 RGC5 cells
transfected with pMYOCWT-EGFP, pMYOCP370L-EGFP, and
pMYOC1-367-EGFP barely showed neurites. Those trans-
fected with pOPTNWT-EGFP and pOPTNE50K-EGFP, how-
ever, formed neurites to an extent comparable with that
observed in pEGFP-N1-transfected and nontransfected
cells.

Although inhibition of neurite outgrowth was seen in
pMYOCWT-EGFP-transfected cells, their nontransfected
counterparts in the same cultures were found to possess
neurites with lengths and numbers within GFP control or
normal limits (Figure 1, A and B). The Western blot data in
Figure 1C documented that the cells transfected with
pMYOCWT-EGFP secreted abundant myocilin-GFP (�75
kDa) protein into the media. It appeared that the secreted
wild-type myocilin in the medium was either not effective
by itself to influence the nontransfected cells in the cul-
tures, or was not internalized into them to exert effects.
The nontransfected cells in cultures transfected to ex-
press mutant P370L and Q368X myocilin had normal
neurite length and number as well. This is unsurprising
because both our Western blot data (Figure 1C) and
previous reports demonstrated that the mutant forms of
myocilin were not secreted or present in the media.20,21

Exogenous Myocilin Protein either in Solution or
as a Substratum Has Little Effect on Neurite
Outgrowth

Eukaryotically expressed recombinant myocilin protein
was added into the media of PC12 cells. Little effect on
either the length or the number of neurites induced by
NGF was noted (Figure 5, A and B). Furthermore, the

length and the number of neurites in PC12 cells plated on
a mixture of myocilin (5 �g/ml) and collagen I (10 �g/ml)
were comparable with those plated on collagen type I (10
�g/ml) alone (Figure 5, A and B).

Effects of Neurite Regulators on the Myocilin
Inhibitory Effect

To examine the mechanism that mediates the inhibitory
effect of overexpressed myocilin on neurite outgrowth,
factors that are known to regulate neurite formation were
added along with NGF onto PC12 cells after transfection
with pMYOCWT-EGFP. Compared with untreated vehicle
controls, treatment with Y27632, a Rho-associated pro-
tein kinase inhibitor, did not alter the myocilin effect in
PC12 cells (Figure 6). 15-Deoxy-PGJ2, a metabolite of
prostaglandin D2; PMA, an activator of protein kinase C;
and jasplakinolide, an inducer of actin polymerization,
also had little effect on the neurite outgrowth in
pMYOCWT-EGFP-transfected PC12 cells. Forskolin,
which increases the intracellular level of cAMP known to
play a role in axonal growth and guidance,40 was able to
avert the myocilin inhibitory effect (Figure 6). However, on
a closer examination, forskolin was also seen to increase
the neurite length in pEGFP-N1-mock transfected and
nontransfected cells (Figure 7). This suggested that the
forskolin-mediated neurite stimulation in myocilin-trans-
fected PC12 cells may simply represent a general cAMP
effect. Force expressed wild-type myocilin was found to
have little impact on the intracellular cAMP level in PC12
cells (data not shown).

FITC-Labeled Myocilin Is not Internalized

To study whether myocilin is internalized, PC12 and
RGC5 cells were incubated with FITC-labeled myocilin
protein for 4 hours at 37°C. FITC-transferrin, the positive
control, was taken up, showing an intracellular perinu-
clear distribution. In comparison, the uptake of FITC-�-
galactosidase (negative control) and FITC-myocilin was
minimal (Figure 8).

Figure 5. Effect of recombinant myocilin on
neurite outgrowth in PC12 cells. A: Cells were
plated onto dishes precoated with collagen type
I (10 �g/ml). After 24 hours of seeding, PC12
cells were differentiated with NGF without (con-
trol) or with recombinant myocilin (1.8, 5, or 20
nmol/L) for 5 days. Bovine serum albumin (20
nmol/L) was used as a negative control. In par-
allel, PC12 cells were also plated on collagen
type I (10 �g/ml) mixed with recombinant myo-
cilin (5 �g/ml) (precoated MYOC 5 �g/ml).
Scale bar � 50 �m. B: The neurite length was
measured, and the number of neurites was
counted in at least 200 cells. Results are ex-
pressed as mean � SEM.
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Overexpression of Wild-Type Optineurin Results
in Increased Apoptosis

PC12 and RGC5 cells were transiently transfected for 48
or 24 hours to express GFP alone, wild-type or mutant
myocilin-GFP, or optineurin-GFP. Images were captured
and the percentage of cells that exhibited activated
caspase 3 and 7 enzymes, indicative of apoptotic activ-
ity, was determined. Results indicated that the percent-
age of caspase 3- and 7-positive cells in wild-type myo-
cilin-GFP-overexpressing tansfectants was similar to that
in pEGFP-N1-transfected mock controls (Figure 9, A and
B). On the other hand, the percentage in cells transfected

to overexpress with wild-type optineurin-GFP was in-
creased by approximately 80 to 100% (P � 0.0035)
compared with GFP controls. Higher-than-control values
were also observed in cells transfected with P370L and
Q368X myocilin and E50K optineurin constructs (Figure 9,
A and B).

Discussion

The present study provides evidence that forced expres-
sion of both wild-type and mutant myocilins (Figure 1)
inhibits neurite outgrowth in neuronal PC12 and RGC5
cells. PC12 cells have been widely used to study neuro-
nal differentiation and neurite outgrowth.41 After stimula-
tion with neurotrophic factors such as NGF, PC12 cells
stopped growth and underwent differentiation. RGC5, a
rat RGC cell line established by transforming postnatal
day 1 rat retinal cells with E1A adenovirus,30 is a useful
model of RGC.42

Figure 6. Effects of neurite outgrowth regulators on the myocilin inhibitory phenotype. PC12 cells were transiently transfected with pMYOCWT-EGFP for 48 hours.
Y27632 (10 �mol/L), forskolin (10 �mol/L), 15-deoxy-prostagrandin J2 (PGJ2, 0.8 �mol/L), PMA (0.5 �mol/L), or jasplakinolide (JAS, 20 nmol/L) was then added
onto PC12 cells along with NGF and cultured for 5 days. Neurite outgrowth in myocilin transfected (in green) and nontransfected cells was assessed. Scale bar �
50 �m.

Figure 7. Effect of forskolin on the neurite outgrowth in PC12 cells. The cells
were transiently transfected with pEGFP-N1 (EGFP) or pMYOCWT-EGFP
(MYOCWT-GFP) for 48 hours. Forskolin (10 �mol/L) was added in some
cultures along with NGF and cultured for 5 days. Neurite outgrowth in
transfected (in green) and nontransfected cells without or with treatment of
forskolin was quantified. Data presented were mean � SEM from three
independent experiments. *P � 0.008 compared with GFP control. Scale
bar � 20 �m.

Figure 8. Uptake of FITC-myocilin. PC12 and RGC5 cells were incubated
with FITC-labeled myocilin (FITC-Myoc), FITC-labeled transferrin (FITC-
transferrin, positive control), and FITC-labeled �-galactosidase (FITC-�-gal,
negative control) at 37°C for 4 hours. Intracellular distribution was observed
with FITC-transferrin (in green) only. Nuclei were stained with DAPI in blue.
Scale bar � 50 �m.
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Silencing of the endogenous myocilin gene by siRNA
did not affect the neurite outgrowth (Figure 2). The inhib-
itory effect observed with overexpressed myocilin is con-
sistent with a previous result that optimedin, also known
as olfactomedin 3, retards neurite outgrowth in NGF-
induced PC12 cells.43 Myocilin, like optimedin, contains
an olfactomedin-like domain. It is possible that this C-
terminal olfactomedin-like region contributes to myocilin’s
inhibitory effect on neurite outgrowth.

In a previous study,44 addition of either recombinant
myocilin into culture media was shown to inhibit neurite
outgrowth in embryonic chick dorsal root ganglions. The
present data, however, indicate that neither the addition
of soluble recombinant myocilin protein nor the presence
of myocilin protein in the substratum affected the neurite
length or number in neuronal cells. It is of note that the
myocilin protein used previously was expressed in insect
Sf9 cells, solubilized, and partially purified by Sephadex
G-150 column chromatography.16 It has been observed
that purify recombinant myocilin from baculovirus and
HEK293 cells could result in a cleaved myocilin prod-
uct.38 The myocilin recombinant protein we used was
produced by transducing a transformed TM cell line TM5
with full-length myocilin fused to C-terminal V5 and six
histidine epitopes, and purified by using Ni column. Only

a small proportion of myocilin was cleaved from the TM5-
myocilin stable cell line and the purification procedure
was shown to be highly specific.38 Further confirming our
data, addition of conditioned media from human TM cells
treated with dexamethasone did not show any effect on
NGF-induced neurite outgrowth either (data not shown).

The current results also raised the issue whether myo-
cilin protein secreted or that present in the culture me-
dium could be internalized by the cells. Additional exper-
imentation showed that although FITC-labeled transferrin
was taken up by the cells efficiently, internalization of
FITC-myocilin was not observed. This notion is also sup-
ported by the observation that the nontransfected cells in
pMyocilin-EGFP-transfected cultures are without myocilin
phenotypes. Despite the myocilin-GFP secretion in the
medium, the nontransfected cells have normal neurites
(Figure 1, A and B) and robust actin stress fibers.45 The
lack of uptake may also explain in part why Kroeber et
al46 did not detect any glaucoma phenotype in their
transgenic mice overexpressing wild-type myocilin under
the control of lens specific �B1-crystalline promoter
(�B1-crystallin-MYOC mice) with abundant myocilin se-
creted into the aqueous humor.

A number of neurite outgrowth regulators have been
identified.41,47 For example, Y27632, a Rho-associated
protein kinase inhibitor, has been shown to induce neurite
outgrowth.48 Forskolin, which increases the intracellular
level of cAMP, and PMA, an activator of protein kinase C,
have also been reported to promote neurite outgrowth in
PC12 cells.49,50 15-Deoxy-PGJ2, a metabolite of prosta-
glandin D2 and a ligand of peroxisome proliferators-
activated receptor-�, is known to induce neurite out-
growth in PC12 cells via activation of p38MAP kinase in
conjunction with the AP-1 signal pathway.51,52 Regulation
of dynamics of actin filament by agents such as jas-
plakinolide that induce actin polymerization by enhanc-
ing actin filament nucleation53 has also been shown to be
crucial for neurite outgrowth.54 In our hands, addition of
forskolin but none of the other agents attenuated the
inhibitory effect by myocilin overexpression on neurite
outgrowth (Figure 6). However, forskolin was also seen to
increase the neurite length in both GFP mock transfected
and nontransfected cells (Figure 7), suggesting that the
attenuation of the myocilin inhibitory effect may simply be
a general event and that cAMP may not be a downstream
target of overexpressed myocilin. In support of this con-
jecture, the intracellular cAMP level in PC12 cells was
found unaltered by myocilin transfection (data not
shown).

In addition, our study indicates that neither wild-type
nor E50K optineurin overexpression causes any changes
in neurite outgrowth in PC12 (Figure 1) and RGC5 (Figure
4) cells. The lack of functional role of optineurin in neurite
outgrowth was further verified by the siRNA experiment
(Figure 3).

Myocilin mutations are typically associated with high
IOP cases and the optineurin ones are associated with
normal tension glaucoma. This implies that myocilin may
have more of an impact on the cells in the aqueous
outflow pathway such as the TM than those in the optic
nerve head and the retina such as RGCs, and vice versa

Figure 9. Percentage of caspase3/7-positive apoptotic cells in transfected PC12
(A) and RGC5 (B) cells. The cells were transfected for 72 hours to express
wild-type myocilin-GFP (MYOCWT), P370L myocilin-GFP (MYOCP370L), or
Q368X myocilin-GFP (MYOC1-367), or for 48 hours to express wild-type op-
tineurin-GFP (OPTNWT) and E50K optineurin-GFP (OPTNE50K) and were
examined by a caspase 3 and 7 detection kit. Images in 20 of 10� fields were
captured and cell counting was performed to determine the total number of
transfected cells (green) and the number of caspase 3 and 7-positive trans-
fectants (green and red). Percentage of caspase 3- and 7-positive apoptotic
cells was calculated. Results from three independent experiments are shown
in mean � SEM. *P � 0.044 and **P � 0.009 compared with respective mock
controls.
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in the case of optineurin. Myocilin has previously been
shown to affect the actin cytoskeletal structure45,55 and to
lower the mitochondrial membrane potential56 in human
TM cells. The revelation that myocilin also impacts neurite
outgrowth in neuronal cells is somewhat surprising. On
the other hand, in adult eyes, myocilin is expressed in the
RGCs, optic nerve axons and photoreceptors.12,57,58 Its
expression has also been shown to increase in reactive
astrocytes in the glial scar.44 Hence myocilin may put
forth an influence not only on TM cells but also on neurite
outgrowth and regeneration. Adult RGCs are reported to
have difficulty extending axons within the interior of the
optic nerve after injury.59 This difficulty has been attrib-
uted to inhibitory factors associated with myelin compo-
nents and the glial scar including Nogos60 and chon-
droitin sulfate proteoglycans.61 Myocilin may also be
added to this list of inhibitory molecules.

Also, contrary to what were anticipated, optineurin is
devoid of effects on neurite outgrowth in neuronal cells.
The siRNA results further indicated that optineurin is not a
factor involved in the outgrowth of neurites. Overexpres-
sion of wild-type optineurin has been shown to cause
fragmentation of the Golgi apparatus.36 Notably, it also
induces apoptosis (Figure 9), which may be an underly-
ing mechanism for pathology, because death of RGCs is
a well-documented hallmark feature in glaucoma.62

In conclusion, our results demonstrate that the two
glaucoma gene products, myocilin and optineurin, exhibit
differential effects on neurite outgrowth in neuronal cells.
They appear to have different functions and may contrib-
ute to the development of neurodegenerative glaucoma
via distinct mechanisms.
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