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We then transfected the TM cells with vector carrying
WT or Pro370Leu mutant myocilin. After transfection for 48
h, the expression of WT or Pro370Leu was increased as
determined by RT-PCR and western blot analysis (Figure 3).
Mpyocilin co-localizes with mitochondria: The confocal
images in Figure 3 show the mitochondrial staining with

Figure 2. The efficiency of myocilin transfection. The efficiency of
transfection was estimated in TM cells transfected with pIRES-
EGFP (Mock), pIRES-WT myocilin (WT), or pIRES-Pro370Leu
mutant myocilin (P370L) by counting the percentage of EGFP-
positive cells using flow cytometry analysis. The non-transfected TM
cells are used as the control. The transfection efficiency was about
38%—46%.
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MitoTracker Red, a mitochondria specific dye, after
transfection with plasmids for 48 h. From the confocal
micrographs, both EGFP-WT and EGFP-Pro370Leu mutant
myocilin transfected cells had demonstrated overlapping
EGFP signals (green fluorescence) and mitochondrial staining
(red fluorescence). In cells transfected with pIRES-EGFP
(Mock), however, EGFP was expressed everywhere inside the
cells, and no overlay with mitochondria was observed. This
data indicated that myocilin co-localizatized with
mitochondria in TM cells.

Figure 3. Increased expression of myocilin after transfection. RT-
PCR and western blot show that transfection of WT or Pro370Leu
(P370L) mutant myocilin increase both myocilin mRNA and protein
levels in TM cells after 48 h. GAPDH was used as the internal loading
control in RT-PCR while B-actin and cytochrome C oxidase (COX
IV) were used as internal loading controls in western blot analysis
for total cell lysate and mitochondrial lysate, respectively. Confocal
images show myocilin co-localized with mitochondria. After
transfection for 8 h, non-fixed TM cells were immunolabeled with
MitoTracker Red, a mitochondria specific dye. Confocal
microscopic analyses show that both pIRES-EGFP-WT myocilin
(WT) and pIRES-EGFP-Pro370Leu mutant myocilin (P370L)
transfected cells have overlapping EGFP staining (green
fluorescence) and mitochondria staining (red fluorescence).
However, the green fluorescence from pIRES-EGFP (Mock) is
diffusive within the cells with no overlapping with mitochondrial
staining. Our result indicates co-localization of myocilin and
mitochondria in TM cells. Scale bar=30 um.
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Pro370Leu mutant myocilin induces reactive oxygen species
generation, increases calcium levels in the cytoplasm
([Ca**].) and mitochondria ([Ca’*].): We next examined
whether myocilin affects the function of mitochondria by
measuring ROS, [Ca®]., and [Ca*]n levels in TM cells
overexpressing WT or Pro370Leu mutant myocilin. In Figure
4, we present evidence determined by flow cytometry that
Pro370Leu mutant myocilin significantly increased ROS
generation (2.05+0.94 fold) as well as [Ca?]c (3.17+0.64 fold)
and [Ca*"]m (1.92+0.74 fold) levels in TM cells compared to
WT myocilin.

Pro370Leu mutant myocilin causes greater endogenous ATP
and mitochondrial membrane potential reduction compared
to wild type myocilin: ATP depletion and mitochondrial
depolarization (decrease in A¥m) are the major events in
mitochondrial dysfunction. Figure 5 shows that there was a
decrease in endogenous ATP levels in TM cells after
Pro370Leu mutant myocilin transfection compared to those
with WT myocilin transfection (p<0.05). In addition, TM cells
after Pro370Leu mutant myocilin transfection had a lower
A¥Ym compared to those with WT myocilin transfection
(p<0.05; Figure 6).

DISCUSSION

Recently, we reported a Pro370Leu mutation of the myocilin
gene in a large Chinese autosomal dominant JOAG family
(GZ.1) encompassing 56 family members with 19 of them
exhibiting JOAG. All these JOAG-affected family members
present similar clinical symptoms of high IOP, typical
glaucomatous cupping of the optic disc, and a thinner nerve
fiber layer and are unresponsive to standard pharmacological
treatments [25]. From these patients, we were the first to report
that Pro370Leu mutant myocilin enhances ER stress response
in human TM cells [45], but how Pro370Leu mutant myocilin
affects mitochondrial function is still unclear. Another study
has indicated a mutation of this gene causes apoptosis in TM
cells [24]. Here, we illustrate the interaction of Pro370Leu
myocilin with mitochondria and proposed a possible
mechanism that may lead to TM cell damage.

In this study, we provide evidence of an association
between myocilin and mitochondria and found that TM cells
expressing Pro370Leu mutant myocilin exhibit mitochondrial
dysfunction that is not seen in cells expressing WT myocilin.
Sakai et al. showed that the myocilin enters the mitochondria
and interacts with the mitochondrial membranes [42]. His
findings corroborates results from immunogold labeling,
fluorescence labeling, and subcellular fractionation
experiments that myocilin is associated with mitochondria in
TM cells [39-42]. However, myocilin localization in the
mitochondria is not observed in corneal fibroblasts or in the
mouse liver. The regulatory mechanisms of such cell-specific
localization of myocilin require further investigation, but this
phenomenon makes TM cells more sensitive to any
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undesirable effects of myocilin mutations on the
mitochondria.

The fact that both WT and Pro370Leu mutant myocilin
sit on the mitochondria raises the question whether these two
proteins have different effects to the function of mitochondria.
Because growing evidence has shown the relationship
between oxidative stresses and exacerbated glaucomatous
conditions [17,18,57,58], we compared ROS levels in the
normal human TM cells and those cells after WT myocilin or

Pro370Leu mutant myocilin transfection. We found that the
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Figure 4. Pro370Leu mutant myocilin induces ROS generation and
increases calcium levels in the cytoplasm and mitochondria in TM
cells as estimated using flow cytometry. A: The oxidation sensitive
fluorescence dye, H>-DCF-DA, was used to measure the ROS levels
in TM cells. TM cells transfected with Pro370Leu (P370L) mutant
myocilin transfection show 2.05 fold (£0.94) stronger H>-DCF-DA
fluorescent intensity than those transfected with WT myocilin (WT),
indicating an increase in ROS generation after Pro370Leu mutant
myocilin transfection compared to WT myocilin transfection. B,C:
The [Ca?"]c and [Ca?"]m indicators, fluo-3/AM and Rhod-2, were
used to illustrated the free Ca?' levels in the cytoplasm and
mitochondria, respectively. There was a 3.17 fold (£0.64) increase
in [Ca?*]c and 1.92 fold (£0.74) increase in [Ca?*]m after Pro370Leu
mutant myocilin (P370L) transfection compared to WT myocilin
transfection (WT). Data are expressed as fold changes in fluorescent
levels of transfected TM cells to non-transfected TM cells (Control).
Results are expressed as the mean+SE of three repeated experiments
done in triplicate. An asterisk indicates a significant difference from
non-transfected cells at p<0.05.
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endogenous ROS level is higher in the TM cells following
Pro370Leu mutant myocilin transfection compared to those
with WT myocilin transfection, indicating that increased
oxidative stress is associated with the pathogenesis of
Pro370Leu mutant myocilin in POAG patients. There is a
general consensus that cumulative oxidative damage is
responsible for general aging [59-62]. Although many
individuals with POAG were young adults in the GZ.1 family
[25], the higher ROS levels in the TM cells with Pro370Leu
mutant myocilin gene could possibly accelerate the aging
process in this region, which may in part contribute to the
progression of POAG.

Myocilin increases both [Ca?*]c and [Ca*]m, possibly
through the disregulation of calcium channels. Calcium-
dependent contractibility of TM cells control outflow of the
aqueous humor, which maintains IOP. Failure in closing the
L-type calcium channel leads to an excessive influx of Ca*',
causing membrane depolarization, TM contraction, reduced
outflow, and IOP elevation. Though a direct interaction
between Pro370Leu mutant myocilin and the L-type calcium
channel is not conclusive from our data, it is a possible
explanation to our observation.

On top of its ATP generation ability, the mitochondria
also plays a part in modulating the amplitude and
spatiotemporal organization of Ca?" signals through rapidly
accumulating and releasing Ca?* [63,64]. However, excessive
cytoplasmic Ca?" leads to mitochondrial Ca?" overload, which
triggers ROS overproduction, mitochondrial membrane
depolarization, and ATP production inhibition, all hallmark
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Figure 5. Pro370Leu mutant myocilin decreases ATP levels in TM
cells. Luciferin/luciferase-based ATP assay indicates that the ATP
level in TM with Pro370Leu mutant myocilin (P370L) transfection
is 57.7% lower compared to WT myocilin transfection (WT). The
ATP levels in non-transfected TM cells (Control) are arbitrarily
defined as 100%. The results are expressed as a mean percentage of
the ATP levels to the control, error bars represent SE of three repeated
experiments done in triplicate. An asterisk indicates a significant
difference from non-transfected cells at p<0.05.
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events of mitochondrial dysfunction and eventual apoptosis
[65,66].

Studies showed that myocilin is imported into the
mitochondria and may target the inner and outer membranes
and inter-membrane space [42]. However, the structure of
myocilin does not seem to have a typical NH:-terminal
mitochondrial-targeting presequence. Myocilin is predicted to
contain a potential mitochondrial transit peptide at its NH»-
terminus (amino acid residues 1-47) using the PCGene
program (IntelliGenetics Inc., Mountain View, CA) base on
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Figure 6. Pro370Leu mutant myocilin further decreases

mitochondrial membrane potential in TM cells. AYm was examined
using flow cytometry with the fluorescence indicator, JC-1. The dye
fluoresces red when aggregates in healthy mitochondria with high
membrane potential, whereas it appears in monomeric form and
fluoresces green in mitochondria with diminished membrane
potential. The cells number in the Q4 area (green fluorescence)
indicates the number of cells with low AWYm. The histogram shows
the relative decrease of A¥Ym to the non-transfected cell (Control).
A: The A¥Ym is 3.03 fold (£0.90) lower in TM cells transfected with
Pro370Leu mutant myocilin (P370L) compared to TM cells
transfected with WT myocilin (WT) while there is a 2.44 fold (+0.87)
reduction in WT compared to Mock. B: Pro370Leu mutant myocilin
transfected TM cells have a significantly lower red to green ratio,
and more cells show green fluorescence (cells in Q4 area), indicating
Pro370leu mutant myocilin causes a greater mitochondria membrane
depolarization. Results are expressed as the mean fold decrease in
relative aggregate, a monomer (red:green) ratio of transfected TM to
non-transfected TM cells. The error bars represent SE of three
repeated experiments done in triplicate. An asterisk indicates a
significant difference from non-transfected cells at p<0.05.


http://www.molvis.org/molvis/v15/a84

Molecular Vision 2009; 15:815-825 <http://www.molvis.org/molvis/v15/a84>

the charge transition and R(2) weak rule [67]. Also, both the
NH»- and COOH-termini of myocilin contain a lysine- and
arginine-rich mitochondrial tethering domain (amino acid
residues 33—46 and 460—504) [68]. Like the predictions for
other mitochondrial outer membrane proteins, some data
showed the a-helical transmembrane segment of the NHo-
terminal is the main contributor for myocilin to incorporate
into mitochondrial membranes, while the beta-sheet segment
at the COOH-terminus play a comparatively minor role [42,
69-71]. However, the exact targeting sequence for
mitochondrial translocation of myocilin is still unclear.

Myocilin appears to be imported into the mitochondria
with the aid of a high molecular weight translocator complex
in the outer and inner mitochondrial membranes [42], which
has been demonstrated with other mitochondrial proteins
[70,72-75]. Mutation in myocilin alters the protein structure
and conformation [76-78]. Since Pro370Leu is located within
the highly conserved Olfactomedin (OLF)-domain at the
COOH-terminus of myocilin [79], it is possible that the
mutation changes the protein structure and conformation,
which negatively impacts the mitochondrial inner and outer
membrane functions. The alteration in mitochondria may
subsequently lead to differential effects on ROS and ATP
generation, Ca?" levels in cytoplasm and mitochondria, and
A¥m in TM cells.

In conclusion, we present strong evidence of the
association of myocilin with mitochondria. Increased
generation of ROS, decreased ATP production, decreased
A¥m, and increased Ca** levels in both the cytoplasm and
mitochondria in TM cells with Pro370Leu mutant myocilin
gene transfection indicate that Pro370Leu mutant myocilin
can affect mitochondria functions. The mutation increases
vulnerability in the mitochondria to various cellular injuries
and disables normal human TM cells functions, which may
eventually contribute to the failure of the TM to control IOP.
New insights on the protective effects of antioxidants and
mitochondria permeability transition inhibitors to the health
of TM cells [18,46] suggest that there are POAG treatment
possibilities that are worthy of further investigation.

ACKNOWLEDGMENTS
This work was supported by grants from the National Basic
Research Program of China (No. 2007CB512200) and the
National Natural Science Foundation of China (N0.30672275,
No0.30400486). The first author received support from the
China Scholarship Council.

REFERENCES

1. Quigley HA. Number of people with glaucoma worldwide. Br
J Ophthalmol 1996; 80:389-93. [PMID: 8695555]

2. The world health report 1998 - Life in the 21st century: a vision
for all. Geneva: World Health Organization; 1998. p. 47.

3. Harvey PT. Common eye diseases of elderly people: identifying
and treating causes of vision loss. Gerontology 2003;
49:1-11. [PMID: 12457044]

822

10.

11.

12.

13.

14.

15.

16.

17.

18.

© 2009 Molecular Vision

Thylefors B, Negrel AD, Pararajasegaram R, Dadzie KY.
Global data on blindness. Bull World Health Organ 1995;
73:115-21. [PMID: 7704921]

Thylefors B, Negrel AD. The global impact of glaucoma. Bull
World Health Organ 1994; 72:323-6. [PMID: 8062393]

Resnikoff S, Pascolini D, Etya'ale D, Kocur I, Pararajasegaram
R, Pokharel GP, Mariotti SP. Global data on visual
impairment in the year 2002. Bull World Health Organ 2004;
82:844-51. [PMID: 15640920]

Seiler T, Wollensak J. The resistance of the trabecular
meshwork to aqueous humor outflow. Graefes Arch Clin Exp
Ophthalmol 1985; 223:88-91. [PMID: 4007511]

Loewen N, Fautsch MP, Peretz M, Bahler CK, Cameron JD,
Johnson DH, Poeschla EM. Genetic modification of human
trabecular meshwork with lentiviral vectors. Hum Gene Ther
2001; 12:2109-19. [PMID: 11747600]

Fingert JH, Héon E, Liebmann JM, Yamamoto T, Craig JE, Rait
J, Kawase K, Hoh ST, Buys YM, Dickinson J, Hockey RR,
Williams-Lyn D, Trope G, Kitazawa Y, Ritch R, Mackey DA,
Alward WL, Sheffield VC, Stone EM. Analysis of myocilin
mutations in 1703 glaucoma patients from five different
populations. Hum Mol Genet 1999; 8:899-905. [PMID:
10196380]

Alward WL, Kwon YH, Kawase K, Craig JE, Hayreh SS,
Johnson AT, Khanna CL, Yamamoto T, Mackey DA, Roos
BR, Affatigato LM, Sheffield VC, Stone EM. Evaluation of
optineurin sequence variations in 1,048 patients with open-
angle glaucoma. Am J Ophthalmol 2003; 136:904-10.
[PMID: 14597044]

Flammer J, Haefliger 10, Orgiil S, Resink T. Vascular
dysregulation: a principal risk factor for glaucoma damage?
J Glaucoma 1999; 8:212-9. [PMID: 10376264]

Chung HS, Harris A, Evans DW, Kagemann L, Garzozi HJ,
Martin B. Vascular aspects in the pathophysiology of
glaucomatous optic neuropathy. Surv Ophthalmol 1999;
43:S43-50. [PMID: 10416746]

Quigley HA. Open-angle glaucoma. N Engl J Med 1993;
328:1097-106. [PMID: 8455668]

Gordon MO, Beiser JA, Brandt JD, Heuer DK, Higginbotham
EJ, Johnson CA, Keltner JL, Miller JP, Parrish RK 2nd,
Wilson MR, Kass MA. The Ocular Hypertension Treatment
Study: baseline factors that predict the onset of primary open-
angle glaucoma. Arch Ophthalmol 2002; 120:714-20.
[PMID: 12049575]discussion 829-30

The AGIS Investigators. The Advanced Glaucoma Intervention
Study (AGIS): The relationship between control of
intraocular pressure and visual field deterioration. Am J
Ophthalmol 2000; 130:429-40. [PMID: 11024415]

Feiner L, Piltz-Seymour JR, Collaborative Initial Glaucoma
Treatment Study. Collaborative Initial Glaucoma Treatment
Study: a summary of results to date. Curr Opin Ophthalmol
2003; 14:106-11. [PMID: 12698052]

Sacca SC, Pascotto A, Camicione P, Capris P, Izzotti A.
Oxidative DNA damage in human trabecular meshwork and
its correlation with intraocular pressure and visual field in
primary open angle glaucoma. Arch Ophthalmol 2005;
123:458-63. [PMID: 15824217]

He Y, Leung KW, Zhang YH, Duan S, Zhong XF, Jiang RZ,
Peng Z, Tombran-Tink J, Ge J. Mitochondrial Complex [
Defect Induces ROS Release and Degeneration in Trabecular


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8695555
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12457044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7704921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8062393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15640920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=4007511
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11747600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10196380
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10196380
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14597044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14597044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10376264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10416746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8455668
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12049575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12049575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11024415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12698052
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15824217
http://www.molvis.org/molvis/v15/a84

Molecular Vision 2009; 15:815-825 <http://www.molvis.org/molvis/v15/a84>

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Meshwork Cells of POAG Patients: Protection by
Antioxidants. Invest Ophthalmol Vis Sci 2008; 49:1447-58.
[PMID: 18385062]

Stone EM, Fingert JH, Alward WL, Nguyen TD, Polansky JR,
Sunden SL, Nishimura D, Clark AF, Nystuen A, Nichols BE,
Mackey DA, Ritch R, Kalenak JW, Craven ER, Sheffield VC.
Identification of a gene that causes primary open angle
glaucoma. Science 1997; 275:668-70. [PMID: 9005853]

Gong G, Kosoko-Lasaki O, Haynatzki GR, Wilson MR.
Genetic dissection of myocilin glaucoma. Hum Mol Genet
2004; 13:R91-102. [PMID: 14764620]Erratum in: Hum Mol
Genet. 2004; 13:991

Adam MF, Belmouden A, Binisti P, Brezin AP, Valtot F,
Bechetoille A, Dascotte JC, Copin B, Gomez L, Chaventre A,
Bach JF, Garchon HJ. Recurrent mutations in a single exon
encoding the evolutionarily conserved olfactomedin-
homology domain of TIGR in familial open-angle glaucoma.
Hum Mol Genet 1997; 6:2091-7. [PMID: 9328473]

Rozsa FW, Shimizu S, Lichter PR, Johnson AT, Othman MI,
Scott K, Downs CA, Nguyen TD, Polansky J, Richards JE.
GLCIA mutations point to regions of potential functional
importance on the TIGR/MYOC protein. Mol Vis 1998;
4:20. [PMID: 9772276]

Ge J, Zhuo Y, Guo Y, Ming W, Yin W. Gene mutation in
patients with primary open-angle glaucoma in a pedigree in
China. Chin Med J (Engl) 2000; 113:195-7. [PMID:
11775243]

Wei YT, Duan S, Ge J, Zhuo YH, Ling YL, Lin MK, Gao QY.
A preliminary study on gene mutation and its function in a
large family (GZ.1 pedigree) with open-angle glaucoma.
Zhonghua Yan Ke Za Zhi 2005; 41:1068-75. [PMID:
16409756]

Zhuo YH, Wei YT, Bai YJ, Duan S, Lin MK, Saragovi HU, Ge
J. Pro370Leu MYOC gene mutation in a large Chinese family
with juvenile-onset open angle glaucoma: correlation
between genotype and phenotype. Mol Vis 2008;
14:1533-9. [PMID: 18728751]

Hebert DN, Molinari M. In and out of the ER: protein folding,
quality control, degradation, and related human disease.
Physiol Rev 2007; 87:1377-408. [PMID: 17928587]

Mellman I, Warren G. The road taken: past and future
foundations of membrane traffic. Cell 2000; 100:99-112.
[PMID: 10647935]

Nickel W. The mystery of nonclassical protein secretion. A
current view on cargo proteins and potential export routes.
Eur J Biochem 2003; 270:2109-19. [PMID: 12752430]

Ponnambalam S, Baldwin SA. Constitutive protein secretion
from the trans-Golgi network to the plasma membrane. Mol
Membr Biol 2003; 20:129-39. [PMID: 12851070]

UedaJ, Wentz-Hunter K, Yue BY. Distribution of myocilin and
extracellular matrix components in the juxtacanalicular tissue
of human eyes. Invest Ophthalmol Vis Sci 2002;
43:1068-76. [PMID: 11923248]

Ueda J, Yue Y. Distribution of myocilin and extracellular
matrix components in the corneoscleral meshwork of human
eyes. Invest Ophthalmol Vis Sci 2003; 44:4772-9. [PMID:
14578398]

Clark AF, Kawase K, English-Wright S, Lane D, Steely HT,
Yamamoto T, Kitazawa Y, Kwon YH, Fingert JH, Swiderski
RE, Mullins RF, Hageman GS, Alward WL, Sheffield VC,

823

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

© 2009 Molecular Vision

Stone EM. Expression of the glaucoma gene myocilin
(MYOC) in the human optic nerve head. FASEB J 2001;
15:1251-3. [PMID: 11344104]

Clark AF, Steely HT, Dickerson JE Jr, English-Wright S,
Stropki K, McCartney MD, Jacobson N, Shepard AR, Clark
JI, Matsushima H, Peskind ER, Leverenz JB, Wilkinson CW,
Swiderski RE, Fingert JH, Sheffield VC, Stone EM.
Glucocorticoid induction of the glaucoma gene MYOC in
human and monkey trabecular meshwork cells and tissues.
Invest Ophthalmol Vis Sci 2001; 42:1769-80. [PMID:
11431441]

Lutjen-Drecoll E, May CA, Polansky JR, Johnson DH,
Bloemendal H, Nguyen TD. Localization of the stress
proteins alpha B-crystalline and trabecular meshwork
inducible glucocorticoid response protein in normal and
glaucomatous trabecular meshwork. Invest Ophthalmol Vis
Sci 1998; 39:517-25. [PMID: 9501861]

Mertts M, Garfield S, Tanemoto K, Tomarev SI. Identification
of the region in the N-terminal domain responsible for the
cytoplasmic localization of MYOC/TIGR and its association
with microtubules. Lab Invest 1999; 79:1237-45. [PMID:
10532587]

O’Brien ET, Ren X, Wang Y. Localization of myocilin to the
Golgi apparatus in Schlemm’s canal cells. Invest Ophthalmol
Vis Sci 2000; 41:3842-9. [PMID: 11053284]

Polansky JR, Fauss DJ, Zimmerman CC. Regulation of TIGR/
MYOC gene expression in human trabecular meshwork cells.
Eye 2000; 14:503-14. [PMID: 11026980]

Stamer WD, Roberts BC, Howell DN, Epstein DL. Isolation,
culture, and characterization of endothelial cells from
Schlemm’s canal. Invest Ophthalmol Vis Sci 1998;
39:1804-12. [PMID: 9727403]

Ueda J, Wentz-Hunter K, Cheng E, Fukuchi T, Abe H, Yue Y.
Ultra-structural localization of myocilin in human trabecular
meshwork cells and tissues. J Histochem Cytochem 2000;
48:1321-9. [PMID: 10990486]

Wentz-Hunter K, Ueda J, Shimizu N, Yue BY. Myocilin is
associated with mitochondria in human trabecular meshwork
cells. J Cell Physiol 2002; 190:46-53. [PMID: 11807810]

Wentz-Hunter K, Shen X, Yue BY. Distribution of myocilin, a
glaucoma gene product, in human corneal fibroblasts. Mol Vis
2003; 9:308-14. [PMID: 12847420]

Sakai H, Shen X, Koga T, Park BC, Noskina Y, Tibudan M,
Yue BY. Mitochondrial association of myocilin, product of a
glaucoma gene, in human trabecular meshwork cells. J Cell
Physiol 2007; 213:775-84. [PMID: 17516541]

Tamm ER. Myocilin and glaucoma: facts and ideas. Prog Retin
Eye Res 2002; 21:395-428. [PMID: 12150989]

Wang X, Johnson DH. mRNA in situ hybridization of TIGR/
MYOC in human trabecular meshwork. Invest Ophthalmol
Vis Sci 2000; 41:1724-9. [PMID: 10845592]

Wang L, Zhuo Y, Liu B, Huang S, Hou F, Ge J. Pro370Leu
mutant myocilin disturbs the endoplasm reticulum stress
response and mitochondrial membrane potential in human
trabecular meshwork cells. Mol Vis 2007; 13:618-25. [PMID:
17515882]

He Y, Ge J, Tombran-Tink J. Mitochondrial Defects and
Dysfunction in Calcium Regulation in Glaucomatous
Trabecular Meshwork Cells. Invest Ophthalmol Vis Sci 2008;
49:4912-22. [PMID: 18614807]


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18385062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18385062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9005853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14764620
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9328473
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9772276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11775243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11775243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16409756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16409756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18728751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17928587
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10647935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10647935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12752430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12851070
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11923248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14578398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14578398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11344104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11431441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11431441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9501861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10532587
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10532587
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11053284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11026980
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9727403
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10990486
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11807810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12847420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17516541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12150989
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18614807
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10845592
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17515882
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17515882
http://www.molvis.org/molvis/v15/a84

Molecular Vision 2009; 15:815-825 <http://www.molvis.org/molvis/v15/a84>

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Liton PB, Luna C, Challa P, Epstein DL, Gonzalez P. Genome-
wide expression profile of human trabecular meshwork
cultured cells, nonglaucomatous and primary open angle
glaucoma tissue. Mol Vis 2006; 12:774-90. [PMID:
16862071]

Zhang X, Ognibene CM, Clark AF, Yorio T. Dexamethasone
inhibition of trabecular meshwork cell phagocytosis and its
modulation by glucocorticoid receptor beta. Exp Eye Res
2007; 84:275-84. [PMID: 17126833]

Vittitow JL, Garg R, Rowlette LL, Epstein DL, O’Brien ET,
Borras T. Gene transfer of dominant-negative RhoA increases
outflow facility in perfused human anterior segment cultures.
Mol Vis 2002; 8:32-44. [PMID: 11889464]

Lin S, Lee OT, Minasi P, Wong J. Isolation, Culture, and
Characterization of Human Fetal Trabecular Meshwork Cells.
Curr Eye Res 2007; 32:43-50. [PMID: 17364734]

Hernandez MR, Weinstein Bl, Schwartz J, Ritch R, Gordon GG,
Southren AL. Human trabecular meshwork cells in culture:
morphology and extracellular matrix components. Invest
Ophthalmol Vis Sci 1987; 28:1655-60. [PMID: 3654139]

Yun AJ, Murphy CG, Polansky JR. Proteins secreted by human
trabecular cells. Glucocorticoid and other effects. Invest
Ophthalmol Vis Sci 1989; 30:2012-22. [PMID: 2674051]

Degli Esposti M. Measuring mitochondrial reactive oxygen
species. Methods 2002; 26:335-40. [PMID: 12054924]

Amer J, Goldfarb A, Fibach E. Flow cytometric measurement
of reactive oxygen species production by normal and
thalassaemic red blood cells. Eur J Haematol 2003;
70:84-90. [PMID: 12581189]

Deng X, Yin F, Lu X, Cai B, Yin W. The apoptotic effect of
brucine from the seed of Strychnos nux-vomica on human
hepatoma cells is mediated via Bcl-2 and Ca2+ involved
mitochondrial pathway. Toxicol Sci 2006; 91:59-69. [PMID:
16443926]

Mironov SL, Ivannikov MV, Johansson M. [Ca2+]i signaling
between mitochondria and endoplasmic reticulum in neurons
is regulated by microtubules. From mitochondrial
permeability transition pore to Ca2+-induced Ca2+ release. J
Biol Chem 2005; 280:715-21. [PMID: 15516333]

Izzotti A, Bagnis A, Sacca SC. The role of oxidative stress in
glaucoma. Mutat Res 2006; 612:105-14. [PMID: 16413223]

Sacca SC, Izzotti A, Rossi P, Traverso C. Glaucomatous
outflow pathway and oxidative stress. Exp Eye Res 2007;
84:389-99. [PMID: 17196589]

Vina J, Sastre J, Pallardo FV, Gambini J, Borras C. Role of
mitochondrial oxidative stress to explain the different
longevity between genders: protective effect of estrogens.
Free Radic Res 2006; 40:1359-65. [PMID: 17090425]

Duchen MR. Contributions of mitochondria to animal
physiology: from homeostatic sensor to calcium signaling and
cell death. J Physiol 1999; 516:1-17. [PMID: 10066918]

Lane N. Mitochondrial disease: powerhouse of disease. Nature
2006; 440:600-2. [PMID: 16572142]

Kujoth GC, Hiona A, Pugh TD, Someya S, Panzer K,
Wohlgemuth SE, Hofer T, Seo AY, Sullivan R, Jobling WA,
Morrow JD, Van Remmen H, Sedivy JM, Yamasoba T,
Tanokura M, Weindruch R, Leeuwenburgh C, Prolla TA.
Mitochondrial DNA mutations, oxidative stress, and
apoptosis in mammalian aging. Science 2005; 309:481-4.
[PMID: 16020738]

824

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

© 2009 Molecular Vision

Szalai G, Krishnamurthy R, Hajnoczky G. Apoptosis driven by
IP3-linked mitochondrial calcium signals. EMBO J 1999;
18:6349-61. [PMID: 10562547]

Deng X, Yin F, Lu X, Cai B, Yin W. The apoptotic effect of
brucine from the seed of Strychnos nux-vomica onhuman
hepatoma cells is mediated via Bcl-2 and Ca2+ involved
mitochondrial pathway. Toxicol Sci 2006; 91:59-69. [PMID:
16443926]

Jackson JG, Thayer SA. Mitochondrial modulation of Ca2+-
induced Ca2-+-release in rat sensory neurons. J Neurophysiol
2006; 96:1093-104. [PMID: 16760347]

Dahlem YA, Wolf G, Siemen D, Horn TF. Combined
modulation of the mitochondrial ATP-dependent potassium
channel and the permeability transition pore causes
prolongation of the biphasic calcium dynamics. Cell Calcium
2006; 39:387-400. [PMID: 16513166]

Gavel Y, Von Heijne G. Cleavage site motifs in mitochondrial
targeting peptides. Protein Eng 1990; 4:33-7. [PMID:
2290832]

Li W, Kedersha N, Chen S, Gilks N, Lee G, Anderson P. FAST
is a BCL-XL-associated mitochondrial protein. Biochem
Biophys Res Commun 2004; 318:95-102. [PMID: 15110758]

Sogo LF, Yaffe MP. Regulation of mitochondrial morphology
and inheritance by Mdm10p, a protein of the mitochondrial
outer membrane. J Cell Biol 1994; 126:1361-73. [PMID:
8089171]

Wiedemann N, Frazier AE, Pfanner N. The protein
importmachinery of mitochondria. J Biol Chem 2004;
279:14473-6. [PMID: 14973134]

Youngman MJ, Hobbs AE, Burgess SM, Srinivasan M, Jensen
RE. Mmm2p, a mitochondrial outer membrane protein
required for yeast mitochondrial shape and maintenance of
mtDNA nucleoids. J Cell Biol 2004; 164:677-88. [PMID:
14981098]

Truscott KN, Brandner K, Pfanner N. Mechanisms of protein
import into mitochondria. Curr Biol 2003; 13:R326-37.
[PMID: 12699647]

Green DR, Kroemer G. The pathophysiology of mitochondrial
cell death. Science 2004; 305:626-9. [PMID: 15286356]

Rehling P, Brandner K, Pfanner N. Mitochondrial import and
the twin-pore translocase. Nat Rev Mol Cell Biol 2004;
5:519-30. [PMID: 15232570]

Mokranjac D, Neupert W. Protein import into mitochondria.
Biochem Soc Trans 2005; 33:1019-23. [PMID: 16246036]
Kanagavalli J, Pandaranayaka PJ, Krishnadas SR,
Krishnaswamy S, Sundaresan P. In vitro and in vivo study on
the secretion of the Gly367Arg mutant myocilin protein. Mol

Vis 2007; 13:1161-8. [PMID: 17679945]

Kanagavalli J, Krishnadas SR, Pandaranayaka E,
Krishnaswamy S, Sundaresan P. Evaluation and
understanding of myocilin mutations in Indian primary open
angle glaucoma patients. Mol Vis 2003; 9:606-14. [PMID:
14627955]

Kanagavalli J, Pandaranayaka E, Krishnadas SR,
Krishnaswamy S, Sundaresan P. A review of genetic and
structural understanding of the role of myocilin in primary
open angle glaucoma. Indian J Ophthalmol 2004;
52:271-80. [PMID: 15693317]

Nguyen TD, Chen P, Huang WD, Chen H, Johnson D, Polansky
JR. Gene structure and properties of TIGR, an olfactomedin-


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16862071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16862071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17126833
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11889464
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17364734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3654139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2674051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12054924
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12581189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16443926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16443926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15516333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16413223
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17196589
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17090425
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10066918
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16572142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16020738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16020738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10562547
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16443926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16443926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16760347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16513166
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2290832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2290832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15110758
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8089171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8089171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14973134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14981098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14981098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12699647
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12699647
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15286356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15232570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16246036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17679945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14627955
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14627955
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15693317
http://www.molvis.org/molvis/v15/a84

Molecular Vision 2009; 15:815-825 <http://www.molvis.org/molvis/v15/a84> © 2009 Molecular Vision

related glycoprotein cloned from glucocorticoid-induced
trabecular meshwork cells. J Biol Chem 1998; 273:6341-50.
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