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Background: Mutant myocilin accumulates in the endoplasmic reticulum for unknown reasons.

Results: Glucose-regulated protein (Grp) 94 depletion reduces mutant myocilin by engaging autophagy.

Conclusion: Grp94 triages mutant myocilin through ER-associated degradation, subverting autophagy.

Significance: Treating glaucoma could be possible by inhibiting Grp94 and reducing its novel client, mutant myocilin.

Clearance of misfolded proteins in the endoplasmic reticulum
(ER) is traditionally handled by ER-associated degradation
(ERAD), a process that requires retro-translocation and ubiq-
uitination mediated by a luminal chaperone network. Here we
investigated whether the secreted, glaucoma-associated protein
myocilin was processed by this pathway. Myocilin is typically
transported through the ER/Golgi network, but inherited muta-
tions in myocilin lead to its misfolding and aggregation within
trabecular meshwork cells, and ultimately, ER stress-induced
cell death. Using targeted knockdown strategies, we determined
that glucose-regulated protein 94 (Grp94), the ER equivalent of
heat shock protein 90 (Hsp90), specifically recognizes mutant
myocilin, triaging it through ERAD. The addition of mutant
myocilin to the short list of Grp94 clients strengthens the
hypothesis that 3-strand secondary structure drives client asso-
ciation with Grp94. Interestingly, the ERAD pathway is incapa-
ble of efficiently handling the removal of mutant myocilin, but
when Grp94 is depleted, degradation of mutant myocilin is
shunted away from ERAD toward a more robust clearance path-
way for aggregation-prone proteins, the autophagy system.
Thus ERAD inefficiency for distinct aggregation-prone proteins
can be subverted by manipulating ER chaperones, leading to
more effective clearance by the autophagic/lysosomal pathway.
General Hsp90 inhibitors and a selective Grp94 inhibitor also
facilitate clearance of mutant myocilin, suggesting that thera-
peutic approaches aimed at inhibiting Grp94 could be beneficial
for patients suffering from some cases of myocilin glaucoma.

* This work was supported, in whole or in part, by the National Institutes of
Health Grants ROOAG031291 (to C. A.D.), ROTNS073899 (to C. A.D.), and
RO1EY021205 (to R. L. L.). This work was also supported by the American
Health Assistance Foundation.

I This article contains supplemental Fig. S1.

" To whom correspondence should be addressed. Tel.: 813-396-0639; E-mail:
cdickey@health.usf.edu.

NOVEMBER 23,2012 +VOLUME 287 +NUMBER 48

Myocilin is the gene product most closely linked to early
onset, inherited primary open angle glaucoma, accounting for
more than 10% of juvenile and 5% of adult-onset disease (1, 2).
Though it is expressed throughout the body, myocilin only
appears to cause disease as part of its role in the trabecular
meshwork, a tissue in the anterior segment of the eye that con-
trols aqueous humor outflow and helps regulate intraocular
pressure (3). Dysregulation of fluid flow leads to elevated intra-
ocular pressure, a major risk factor for glaucoma (4). Amino
acid-altering mutations in the gene encoding myocilin lead to
sequestration and accumulation of mutant myocilin (5-9), par-
ticularly in the endoplasmic reticulum (ER)? (5, 6) of trabecular
meshwork cells. The toxic consequences of cell stress (10) and
death (5-7) that lead to a compromised trabecular meshwork
and a hastening of glaucoma phenotypes. More than 70 muta-
tions in myocilin clustered in its C-terminal ~30-kDa olfacto-
medin domain have been documented (11), with differing
severity in terms of age of onset (11), cellular toxicity (8, 9), and
extent of thermal destabilization of the olfactomedin domain
(12, 13). Importantly, pathogenesis is a gain-of-toxic-function,
as myocilin knock-out mice (14) and individuals harboring pre-
mature stop codons that prevent myocilin translation (15) do
not develop glaucoma. The nature of the aggregate and its tox-
icity has not been unambiguously identified, but the unfolded
protein response is up-regulated in cells expressing high levels
of wild-type myocilin (16), and ER stress response genes are
up-regulated both in cells (5) and mice (17) expressing mutant
myocilin. Mutant myocilin also readily forms a detergent-insol-
uble species (18) consisting of amyloid fibrils, a specific mis-
folded species that is recalcitrant to disaggregation, in vitro and
in a cellular model (19).

2The abbreviations used are: ER, endoplasmic reticulum; ERAD, ER-associ-
ated degradation; Grp94, glucose-regulated protein 94; Hsp90, heat shock
protein 90; co-IP, co-immunoprecipitation; QQ VCP, dominant negative
VCP/p97.
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Despite the interest in developing therapeutic routes to mit-
igate myocilin aggregation and toxicity, primarily by promoting
its secretion (6, 7, 12, 17, 20, 21), it is not understood why myo-
cilin, unlike other mutant proteins, is not efficiently cleared by
ER-associated degradation (ERAD). Misfolded proteins are
typically efficiently ubiquitinated in association with the ER
membrane and retro-translocated to the cytosol for protea-
somal degradation (22), a mechanism that appears to be chal-
lenged in the case of mutant myocilin. Chaperone proteins
within the ER, primarily ATPases glucose-regulated protein 94
(Grp94) (a heat shock protein 90 (Hsp90) family member) and
Grp78 (a Hsp70 family member, also called BiP), are essential
for triage decisions about protein fate. The exact order in which
ER clients are processed by chaperones is unknown; however,
Grp94 seems to be more selective for a distinct client sub-set
(23). Indeed, Grp94 and Grp78 have been shown to co-localize
with mutant myocilin (5-7, 17), but the significance of this
co-localization has remained elusive. ERAD-related loss of
function because of inherited mutation is associated with myr-
iad diseases, such as cystic fibrosis (24) and Gaucher disease
(25), among many others. A better understanding of mutant
myocilin ER retention could lead to corrective measures that
would reduce its accumulation through manipulation of the ER
quality control system.

Here we evaluated the interactions of myocilin with the
chaperone network and show that Grp94 is involved in mutant
myocilin turnover. Disease-causing mutations in myocilin
drive its interaction with Grp94, but this appears to facilitate an
inefficient route of clearance for mutant myocilin involving
ERAD that results in mutant myocilin accumulation. By deplet-
ing Grp94 either by RNA knockdown or with pharmacological
agents, mutant myocilin was effectively removed through an
alternative clearance pathway involving autophagy. Such a
strategy could represent a therapeutic approach for myocilin
glaucoma.

MATERIALS AND METHODS

¢DNA Constructs and siRNA—AIl myocilin cDNA con-
structs were a generous gift from Dr. Vincent Raymond (Laval
University Hospital (CHUL) Research Center). VCP constructs
were provided by Dr. Tom Rapoport (Harvard Medical School).
siRNAs were purchased from Qiagen (Valencia, CA). Where
possible, a validated siRNA was used. Otherwise, two siRNAs
were purchased for each gene, and knockdown efficiency was
tested as described previously (26). Sequences are available
upon request.

Antibodies—Glyceraldehyde-3-phosphate dehydrogenase
antibody was obtained from Meridian Life Science (Saco, ME).
FLAG mouse monoclonal antibody was obtained from Sigma.
Myocilin antibody was obtained from R&D Systems (Minneap-
olis, MI). Calnexin and Beclin-1 antibody were obtained from
Cell Signaling (Boston, MA). Lamp2 antibody was provided by
the University of Iowa hybridoma bank. All secondary antibod-
ies were HRP-linked and obtained from Southern Biotechnol-
ogies (Birmingham, AL) and added at a dilution of 1:1000. Alexa
Fluor-conjugated secondary antibodies were obtained from
Invitrogen.
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Compounds—The selective Grp94 inhibitor was a generous
gift from Dr. Brian Blagg (University of Kansas). Epoxomicin
was a gift from Elan Pharmaceuticals (San Francisco, CA). All
compounds were solubilized in DMSO. Mixtures were diluted
such that the final concentration of DMSO in cell media was
less than 1%.

Drug Treatments—Cells were treated with Grp94 or Hsp90
inhibitor for 24 h. Proteasomal inhibition was achieved by
treating cells with 0.6 um and 0.8 um epoxomicin.

Dot Blotting—An appropriate amount of supernatant from
each sample was added into each well of the dot blot apparatus
and suctioned onto a nitrocellulose membrane. The membrane
was then washed with PBS (filtered) twice and placed on Pon-
ceau S. The membrane was blocked with 7% milk and probed
with myocilin or FLAG antibodies.

Cell Culture and Transfections—Cells were plated and grown
as described previously (27, 28). The tetracycline-responsive
human embryonic kidney (HEK) cell models and normal HEK
cells were used as described previously (27). Cells were grown
and maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10%, Tet system-approved, fetal bovine serum
(Clontech Laboratories), penicillin (100 units/ml), streptomy-
cin (100 pg/ml), hygromycin B (200 pg/ml), and G418 (100
pg/ml) at 37 °C in 5% CO.,. Inducible cells were treated with 5
pg/ul tetracycline to induce myocilin expression, 24 h prior to
transfection. siRNA transfections were performed with siLent-
Fect reagent (Bio-Rad). DNA transfections were performed
with Lipofectamine 2000 (Invitrogen) for 48 h. The cells were
harvested in Mammalian Protein Extraction Reagent (M-PER)
buffer (Pierce) containing 1X protease inhibitor mixture (Cal-
biochem), 100 mm phenylmethylsulfonyl fluoride, and 1X
phosphatase inhibitor II and III mixtures (Sigma).

Western Blotting and Co-Immunoprecipitation—Western
blot and co-immunoprecipitation analyses were performed as
described previously (29). Protein samples were prepared using
2X Laemmli sample buffer (Bio-Rad). Samples were boiled for
5-10 min and then loaded onto a 10-well, 10% Tris-glycine gels
(Invitrogen) or 18-well, 10% criterion gels (Bio-Rad). The gels
were transferred onto PVDF membranes (Millipore) and then
blocked for 1 h at room temperature with 7% milk. For co-
immunoprecipitations, cells were harvested with co-immuno-
precipitation (co-IP) buffer (100 mm Tris-HCl and 150 mm
NaCl) containing 1 X protease inhibitor mixture (Calbiochem),
100 mMm phenylmethylsulfonyl fluoride, and 1X phosphatase
inhibitor II and III mixtures (Sigma). Lysates were then pre-
cleared with a 20 ul slurry of Protein G beads for 1 h at 4 °C.
Pre-cleared samples were incubated with myocilin antibody for
4 hat4°C. 50 ul of Protein G beads were added onto the sam-
ples and incubated overnight. Samples were washed with co-IP
buffer and subjected to Western blot analysis.

Immunofluorescence and Co-localization Studies—Tetracy-
cline-responsive HEK cells stably transfected with myocilin and
induced as described above were grown in chamber slides
(Labtek, Scotts Valley, CA). siRNA was performed as described
above. The slides were fixed with 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100. Co-staining was per-
formed with aFLAG antibody (1:500 dilution) and DAPI (Fig.
1E), or aFLAG, a-calnexin (1:50 dilution) and a-ubiquitin (1:50
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FIGURE 1. Validation of inducible cell model. HEK cells stably over-express-
ing tetracycline-regulatable FLAG-tagged wild type (iWT) and 1477N mutant
(i1477N) myocilin were generated as described previously. A, dot blot analysis
of cell culture media and Western blot of lysates were retrieved from both cell
lines 96 h following tetracycline administration. B, immunofluorescent co-lo-
calization imaging for myocilin (anti-FLAG, red) and the ER marker calnexin
(green) of HEK il477N cells conditionally shows co-localization of myocilin
with the ER.

dilution; Fig. 4) antibodies. Appropriate Alexa Fluor-conju-
gated secondary antibodies were added at a 1:1500 dilution.
DAPI was added to stain the nuclei at a 1:20000 dilution where
indicated. Slides were imaged and co-localization was analyzed
with the Zeiss Axiolmager.Z1 with ApoTome and AxioVision
software using 20X, 63X, and 100X objectives, or the Olympus
FV1000 MPE Multiphoton Laser Scanning Microscope. Co-lo-
calization was assessed using the Pearson’s coefficient as
described previously (30), and image intensity was assessed
where indicated using Image] following normalization to DAPI
signal.

Quantification and Statistical Analyses—Quantification of
all blots was performed using Image]J software as described pre-
viously (30). Graphs are plotted based on relative intensity val-
ues. Statistical analyses were performed by Student’s ¢ tests or
as indicated in the figure legends.

RESULTS

Validation of Mpyocilin-inducible Cell Model—A well
established HEK cell model that conditionally overexpresses
wild type (iWT) or I477N mutant myocilin (i[477N) was
used in these studies (27). In this inducible and stable cell
line, wild type or 1477N myocilin harbors a FLAG tag to ease
downstream detection. We confirmed wild type myocilin
secretion and 1477N intracellular retention using dot blot
analysis of the cell culture media or Western blotting of the
lysates, respectively (Fig. 14). We further corroborated ER
retention of 1477N myocilin by immunofluorescence co-lo-
calization (Fig. 1B).

Effect of siRNA-mediated Knockdown of Chaperones on
Mpyocilin—The effects of knocking down several chaperones
were evaluated in both the iWT and iI477N cell models using
siRNA. Of the chaperones tested, which included Hsp70,
Hsp40, cell division control 37 (Cdc37), Hsp90B, and Grp94
(31), only silencing of Grp94 caused a marked reduction in
intracellular 1477N myocilin (Fig. 24). Dot blot analysis of the
media revealed a slight increase in secreted 1477N myocilin
upon Hsp90B and Cdc37 knockdown, whereas no secretion
was observed with Grp94 knockdown (Fig. 2B). The levels of
intracellular (Fig. 2C) and secreted (Fig. 2D) wild type myocilin
were not affected by knockdown of any of these chaperones.
Knockdown was confirmed for each experiment by Western
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blotting (representative knockdown shown in Fig. 2E). This
result was further validated by immunofluorescent staining for
1477N myocilin in cells transfected with control or Grp94
siRNA. Grp94 knockdown reduced myocilin levels by ~63% as
compared with control cells after normalization to 4',6-di-
amidino-2-phenylindole (DAPI) signal (Fig. 2F). Taken
together, these results suggested that Grp94, more than other
candidate chaperones, was important for regulating mutant
myocilin accumulation.

Grp94 Preserves Mutant Myocilin—Next, we determined
whether Grp94 was involved in 1477N myocilin protein turn-
over. Cyclohexamide chase experiments showed that the deg-
radation rate of I477N myocilin increased ~2.5 times following
Grp94 knockdown (Fig. 3A). We also investigated whether
Grp94 was influencing mutant myocilin solubility. This was
based on previous work showing that myocilin mutants are
insoluble as demonstrated by their partial retention in the
stacking gel (7, 18). Western blotting of i477N cell lysates trans-
fected with Grp94 siRNA showed decreased insoluble and sol-
uble myocilin, as detected with a myocilin-specific antibody
(Fig. 3B). In contrast, overexpression of Grp94 in il477N cells
caused both soluble and insoluble mutant myocilin to accumu-
late (Fig. 3C).

Selective Interaction between Grp94 and Mutant Myocilin—
To confirm the selective interaction between Grp94 and
mutant myocilin, co-IP assays were performed (Fig. 4). First,
results from the stably transfected model demonstrate that the
FLAG-tagged 1477N myocilin binds to Grp94, whereas wild
type myocilin does not, possibly due to its rapid secretion (Fig.
4A). Consistent with this finding, 1477N myocilin also increases
Grp94 expression (Fig. 4A4). To determine whether Grp94 was
indeed selectively interacting with a mutant myocilin species,
we took advantage of the known properties of the HEK tran-
sient transfection myocilin model, in which wild type myocilin
is secreted but mutant myocilin is not secreted (7, 18). Never-
theless, some mutant myocilin is still found in the detergent-
soluble fraction, allowing us to directly compare the interaction
between Grp94 and intracellular, soluble wild type or mutant
myocilin (Fig. 4B). In this way, wild type and one of the most
aggressive mutant myocilin species, P370L (32-34), were
transiently transfected into HEK cells, and lysates were sub-
jected to immunoprecipitation with myocilin antibody. As in
the stably transfected model, wild type myocilin does not
appear to interact with Grp94 despite its robust intracellular
expression and is secreted as expected. By contrast, like
1477N, the P370L myocilin variant did associate with Grp94
(Fig. 4B).

Grp94 Attempts to Triage Mutant Myocilin via ERAD—On
the basis of the observed interaction between mutant myocilins
and Grp94, we speculated that Grp94 was enlisting mutant
myocilin for clearance by the traditional ERAD pathway, which
begins with ubiquitination on the ER membrane and retro-
translocation to the cytosol by the VCP/p97 complex for pro-
teasomal degradation (35). The involvement of ERAD in
clearing mutant myocilin was first investigated using the
transient transfection model to detect ubiquitinated myoci-
lin. Although a high level of total ubiquitinated protein was
detected in all cell samples (as is typical following treatment
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FIGURE 2. siRNA-mediated knockdown of Grp94 regulates levels of 1477N, but not wild type, myocilin. A and C, Western blot analysis of HEK cells
conditionally over-expressing 1477N myocilin (il477N) (A) or wild type myocilin (iWT) (C) shows the intracellular levels of myocilin after siRNA-mediated
knockdown of Hsp70, Hsp40, Cdc37, Hsp90p, and Grp94 using an anti-FLAG antibody. B and D, dot blots of media from HEK il477N (B) or iWT (D) cells show
levels of secreted myocilin after siRNA-mediated knockdown of Hsp70, Hsp40, Cdc37, Hsp903, and Grp94 using an anti-FLAG antibody. £, Western blot analysis
of cell lysates from HEK cells transfected with indicated siRNAs using respective antibodies as shown. Following transfection, cultures were maintained for 72 h
to visualize optimal knockdown. GOI indicates gene of interest. F, confocal immunofluorescence microscopy of myocilin (red) in HEK il477N cells following
control or Grp94 siRNA transfection is shown. DAPI is shown in blue. Quantitation of myocilin intensity after normalization to DAPI stain showed a 63%
reduction in 1477N myocilin following Grp94 knockdown. Scale bar = 10 pwm.

with the proteasomal inhibitor epoxomicin which boosts the
levels of ubiquitinated protein levels for detection purposes),
only mutant I477N and P370L myocilin were ubiquitinated,
as shown by myocilin immunoprecipitation (Fig. 54). Local-
ization of ubiquitinated 1477N mutant myocilin with the ER
was validated by immunofluorescence imaging in the stably
transfected model using calnexin and FLAG antibodies (Fig.
5B). In addition, involvement of the ERAD pathway was fur-
ther confirmed for the stable cell line by evaluating the
effects of wild type or dominant negative VCP/p97 (QQ
VCP) transfection. This mutant form of VCP serves as a
dominant negative, such that it inhibits retro-translocation
of ERAD substrates (35). Immunoprecipitation revealed that
QQ VCP expression resulted in higher levels of ubiquiti-
nated mutant myocilin, whereas wild type VCP/p97 had
minimal effect on ubiquitination (Fig. 5C). Notably, myocilin
levels were somewhat higher in cells transfected with the QQ
VCP when compared with cells transfected with wild type
VCP/p97.
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Grp94 Knockdown Enables an Alternative Autophagic Clear-
ance Mechanism for Mutant Myocilin—To evaluate the extent
of proteasomal involvement in degrading mutant myocilin
upon Grp94 knockdown, the stable i1477N cell line was trans-
fected with control or Grp94 siRNA and then treated with
epoxomicin, a proteasome inhibitor. Although proteasome
inhibition blocked the clearance of 1477N myocilin under con-
trol conditions, surprisingly, there was no effect on clearance
caused by Grp94 knockdown (Fig. 6A). The cellular location of
mutant myocilin under conditions of Grp94 knockdown was
further assessed by co-localization studies (Fig. 6B). Under con-
trol conditions, 477N myocilin co-localized with the ER chap-
erone calnexin (Fig. 6B), whereas under Grp94 knockdown
conditions, myocilin co-localization with calnexin was dimin-
ished (Fig. 6B). We then turned to sub-cellular fractionation
studies to clarify biochemically whether the localization of
mutant myocilin was changing in response to Grp94 knock-
down. As expected, in cells transfected with control siRNA,
mutant myocilin was predominantly localized to the micro-
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FIGURE 3. Grp94 preserves mutant myocilin. A, Western blot analysis of
i1477N cell lysates transfected with control siRNA or Grp94 siRNA, treated with
50 um cycloheximide, and harvested at the indicated time points. Half-life of
1477N myocilin (t1/2) transfected with control siRNA was determined to be
7.6 h. Half-life of 1477N myocilin transfected with Grp94 siRNA was 2.9 h.
B, Western blot of HEK il477N cell lysates transfected with control siRNA or
Grp94 siRNA. Insoluble myocilin is shown in the stacking gel. Anti-myocilin
antibody was used to confirm specificity of the effect. C, Western blot of HEK
i1477N cell lysates transfected with vector or Grp94 cDNA. Insoluble myocilin
is shown in the stacking gel. Anti-myocilin antibody was used to confirm
specificity of the effect.
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FIGURE 4. Association of Grp94 with mutant but not wild type myocilin.
A, co-IP of FLAG-tagged myocilin from HEK il477N or iWT cells followed by
Western blot analysis to detect Grp94, myocilin, and GAPDH. Media from cells
show secretion of wild type but not 1477N myocilin as expected. B, co-IP of
myocilin from HEK cell lysates transiently over-expressing wild type (WT) or
P370L myocilin, followed by Western blot for myocilin, Grp94, and GAPDH. As
expected, transient over-expression of wild type myocilin results in high lev-
els of intracellular myocilin as well as secreted myocilin (see also supplemen-
tal Fig. S1). P370L was not secreted to the media.

somal fraction (Fig. 6C). In cells transfected with Grp94 siRNA,
mutant myocilin was reduced in the microsomal fraction with
no subsequent increase in cytosolic levels, further confirming
that an alternative clearance route for mutant myocilin was
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FIGURE 5. Grp94 sequesters mutant myocilin for ERAD. A, co-immunopre-
ciptation of myocilin from lysates transiently over-expressing wild type (WT),
P370L, and 1477N myocilin followed by Western blotting for ubiquitin, myo-
cilin, and GAPDH. Ubiquitination of myocilin was only observed for the
mutant myocilin species. Myocilin was detected with anti-myocilin antibody.
MW indicates molecular weight. B,immunofluorescent labeling of HEK i1477N
cells using anti-FLAG to detect myocilin (red), ubiquitin (green), and calnexin
(blue) to indicate ER, showing that all three probes co-localize (Merged). Scale
bar = 50 um. C, Western blot for ubiquitin, myocilin, RGS-His (to detect VCP),
and GAPDH of lysates and anti-FLAG co-immunoprecipitates from HEKil477N
cells transiently transfected with vector (Vec), wild type VCP (WT VCP), and
dominant negative VCP (QQ VCP). Ubiquitination was enhanced in the pres-
ence of QQ VCP.

beingactivated by Grp94 depletion (Fig. 6C). We suspected that
the alternative pathway being activated by Grp94 knockdown
was autophagic. To determine if mutant myocilin was indeed
being triaged toward autophagy after Grp94 depletion, siRNAs
targeting Beclin-1 and Lamp2, two well characterized compo-
nents of the autophagic pathway (36, 37), were transfected into
cells along with Grp94 siRNA. Each of these has been used in
cell culture extensively, including the HEK cell model used here
(38—41). Indeed Beclin-1 knockdown abrogated mutant myo-
cilin clearance caused by Grp94 depletion (Fig. 6D). Similar
results were obtained when Lamp2 and Grp94 were simultane-
ously depleted (Fig. 6E). Autophagy suppression was confirmed
by increases in p62 levels (42). Autophagy experiments were
performed four times. These findings suggest that Grp94
attempts to triage 1477N mutant myocilin for ERAD, but deple-
tion of Grp94 activates a seemingly more efficient clearance
route involving autophagy.

Pharmacological Targeting of ER Chaperones—Small-mole-
cule inhibition of Hsp90, including Grp94, is in clinical devel-
opment for a number of diseases (26, 43, 44), and because
Grp94 sequesters mutant myocilin from ERAD and Grp94
knockdown enables efficient clearance, the effects of Hsp90
inhibitors were tested. The stable cell lines expressing wild type
or 1477N mutant myocilin were first treated with the general
Hsp90/Grp94 inhibitors '"AAG or celastrol for 24 h, resulting
in dose-dependent reductions of 1477N mutant myocilin (Fig.
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7, A and B). '7AAG facilitated reductions in 1477N myocilin as
soon as 3 h after treatment (Fig. 7C). As expected, levels of wild
type myocilin were unaffected by '7AAG, even at a very high

dosage (Fig. 7D). Similarly, a Grp94-selective inhibitor reduced
1477N myocilin potently at 3 and 10 um (Fig. 7E). Taken
together, these results underscore the role of Grp94 in halting
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proper mutant myocilin degradation and support the idea that
both general and selective Hsp90/Grp94 inhibitors could be
effective therapies for glaucoma caused by mutations in
myocilin.

DISCUSSION

ER stress can lead to cell death and as such has been associ-
ated with a number of diseases (45). The protein quality control
machinery can be overzealous in triaging mutant proteins for
ERAD clearance (22, 46). For example, some mutant proteins
that are folded in the ER, such as cystic fibrosis transmembrane
regulator associated with cystic fibrosis (46), enzymes impli-
cated in lysosomal storage disorders (25, 47, 48), the vasopres-
sin receptor associated with nephrogenic diabetes insipidus
(49), or rhodopsin associated with retinitis pigmintosa (50, 51),
retain a native-like fold when studied in vitro; yet, their degra-
dation via the ERAD system causes disease due to loss of func-
tion in the final cellular compartment. In these cases, significant
efforts are in motion to rescue the mutant protein from degra-
dation either by stabilizing it with a small molecule in the ER
(52) or by manipulating the ER proteostasis network (53), with
the end goal of enabling cellular trafficking and restoring activ-
ity or function in the desired cellular location.

The case of mutant myocilin represents the opposite para-
digm for ER chaperone contribution to disease. The ER protein
quality control program fails to degrade mutant myocilin
because of an anomalous interaction with Grp94, which leads
to pathogenic consequences (Fig. 8). The reason for aberrant
Grp94 activity with mutant myocilin is not immediately clear,
but it may be related to the ability of mutant myocilin to form
amyloid fibrils (19), a nonnative aggregate structure that is
highly resistant to degradation, a known feature of myocilin
deposits (18). We propose that mutant myocilin amyloids clog
the ERAD pathway during attempted triage, in a process that is
triggered by its interaction with Grp94.

To date, efforts to devise a treatment strategy for myocilin
glaucoma have focused on increasing the secretion of mutant
myocilin from the ER by the use of chemical chaperones. For
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example, treating cells expressing mutant myocilins (7) or a
Y437H myocilin transgenic mouse (21) with 4-phenylbutyrate
have shown some promise in increasing secretion of mutant
myocilin, which results in attenuated ER stress. This enhanced
secretion has been anecdotally attributed to increased chaper-
one activity; however, our findings presented here suggest that
increased chaperoning of mutant myocilin is at best ineffectual
and at worst detrimental. Thus, combined with the fact that the
olfactomedin domain itself is not stabilized by the presence of
4-phenylbutyrate (12), further investigation of the mechanism
of action of 4-phenylbutyrate is warranted.

Whereas enhancing secretion is certainly a feasible strategy
to treat myocilin glaucoma, the fact that myocilin knock-out
mice and humans carrying premature stop codons within myo-
cilin are asymptomatic raises the possibility that treatments
aimed at simply ridding trabecular meshwork cells of mutant
myocilin could be a viable therapeutic alternative. On the basis
of our work, a novel strategy to steer mutant myocilin toward
effective degradation would be to inhibit Grp94. Analogous
inhibition of the paralog Hsp90 is under investigation as a ther-
apeutic strategy for many diseases including cancers (44) and
Alzheimer disease (26, 54). Importantly, depletion of Grp94,
whereas lethal during development, has no obvious conse-
quence in adults (55). Grp94 is structurally similar to cytosolic
Hsp90, but lacks known co-chaperones and has very few known
clients (56); the limited list includes immunoglobulins (57),
integrins (58), and Toll-like receptors (59). Like these proteins,
myocilin and in particular the olfactomedin domain that har-
bors 90% of all known disease-causing lesions (3) contains
mainly B-strand secondary structure (12). The addition of
mutant myocilin as a Grp94 client may assist in elucidating the
specific role of Grp94 in vivo.

Finally, inhibition of the proteasome under conditions of
Grp94 knockdown did not arrest 1477N myocilin degradation.
Instead, mutant myocilin was triaged toward an autophagic
pathway involving Beclin-1 and Lamp2. This suggests that
strategies diverting mutant myocilin to alternative clearance
pathways, such as autophagy which is known to be more suita-
ble for clearing multimeric-prone proteins (60, 61), are likely to
be effective. The involvement of non-ERAD clearance path-
ways for mutant myocilin in the absence of chaperone manip-
ulation has already been implicated as a result of its intracellular
association with peroxisomes (62), exosomes (63, 64), and lyso-
somes (65). Here again, we show that when mutant myocilin is
diverted away from ERAD by depleting Grp94, it associates
with the autophagolytic system that is the pre-imminent cellu-
lar system for clearing protein aggregates. In sum, selective
inhibition of Grp94, a very recent addition to the chemical biol-
ogy repertoire available to regulate chaperones, is a strategy
that holds considerable therapeutic promise for myocilin
glaucoma.
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