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Optineurin is a gene linked to amyotrophic lateral sclerosis,
Paget disease of bone, and glaucoma, a major blinding disease.
Mutations such as E50K were identified in glaucoma patients.
We investigated herein the involvement of ubiquitin-protea-
some pathway (UPP) and autophagy, two major routes for pro-
tein clearance, in processing of optineurin in a retinal ganglion
cell model line RGC5 and neuronal PC12 cells. It was found
that the endogenous optineurin level in neuronal cells was in-
creased by treatment of proteasomal inhibitor but not by auto-
phagic and lysosomal inhibitors. Multiple bands immunoreac-
tive to anti-ubiquitin were seen in the optineurin pulldown,
indicating that optineurin was ubiquitinated. In cells overex-
pressing wild type and E50K optineurin, the level of the pro-
teasome regulatory 85 subunit (PSMB5, indicative of protea-
some activity) was reduced, whereas that for autophagy marker
microtubule-associated protein 1 light chain 3 was enhanced
compared with controls. Autophagosome formation was de-
tected by electron microscopy. The foci formed after op-
tineurin transfection were increased upon treatment of an au-
tophagic inhibitor but were decreased by treatment of an
inducer, rapamycin. Moreover, the level of optineurin-trig-
gered apoptosis was reduced by rapamycin. This study thus
provides compelling evidence that in a normal homeostatic
situation, the turnover of endogenous optineurin involves
mainly UPP. When optineurin is up-regulated or mutated, the
UPP function is compromised, and autophagy comes into play.
A decreased PSMB5 level and an induced autophagy were also
demonstrated in vivo in retinal ganglion cells of E50K trans-
genic mice, validating and making relevant the in vitro
findings.

Glaucoma is one of the leading causes of irreversible blind-
ness worldwide (1) and is characterized by a progressive loss
of retinal ganglion cells (RGCs)” and axons and distinctive
cupping of the optic nerve head. The most common form of
this disease, primary open angle glaucoma, is genetically het-
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erogeneous, caused by several susceptibility genes and per-
haps also environmental factors (1-4). Currently, a total of 14
chromosomal loci, designated as GLC1A to GLCIN, have
been linked to primary open angle glaucoma. Three candidate
genes identified so far include myocilin (GLC1A), optineurin
(GLC1E), and WD40-repeat36 (GLC1G) (1-3). Among them,
optineurin is linked principally to normal pressure or normal
tension glaucoma (NTG), a subtype of primary open angle
glaucoma (5). Optineurin mutations were noted to vary with
ethnic background (6). The E50K mutation, found in Cauca-
sian and Hispanic populations (6), seems to be associated with
a more progressive and severe disease in NTG patients (7).
Very recently, optineurin has also been linked to amyotrophic
lateral sclerosis (8) and Paget disease of bone (9).

The human optineurin gene codes for a 577-amino acid
protein that contains multiple coiled-coil domains and a C-
terminal zinc finger (10). The optineurin protein from differ-
ent species has high amino acid homology (11), and the amino
acid 50 glutamic acid residue is conserved in mouse, rat,
chicken, and cow (12). Optineurin is ubiquitously expressed
in nonocular tissues such as the heart and brain (10) and in
ocular tissues, including the retina, trabecular meshwork, and
nonpigmented ciliary epithelium (9). In the retina, RGCs are
immunolabeled with a high intensity (12, 13).

Optineurin shares a 53% amino acid homology with NF-kB
essential modulator and was identified as an NF-«kB essential
modulator-related protein (14). Recently, optineurin has been
shown to be a negative regulator of NF-«kB (15). Like NF-«B
essential modulator, optineurin has a polyubiquitin-binding
region in the sequence, and it binds Lys-63 linked polyubiq-
uitinated chains (16). Optineurin has in addition been demon-
strated to interact with itself to form homo-hexamers (17). It
also interacts with proteins, including myosin VI, Rab8, and
transferrin receptor. Super molecular complexes are detected,
and granular structures termed foci are formed when op-
tineurin is overexpressed or E50K mutated (17, 18).

Proper processing of cellular proteins is of vital importance.
In eukaryotic cells, the ubiquitin-proteasome pathway (UPP)
and autophagy are two major routes for protein clearance
(19-21). Proteasomes predominantly degrade, in a specific
manner, short lived nuclear and cytosolic proteins. The bulk
degradation of long lived cytoplasmic proteins or organelles is
mediated largely by autophagy. Proteins can also be degraded
through the autophagy-independent endosome-lysosome
system.

Protein degradation via UPP is a temporally controlled and
tightly regulated process that involves covalent linking of a
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single or multiple molecules of ubiquitin to a target protein.
The ubiquitinated protein is then marked for degradation by
the multisubunit 26 S proteasome complex. The proteolytic
core of the complex, the 20 S proteasome, contains multiple
peptidase activities that include chymotrypsin-like, postglu-
tamyl peptidase or caspase-like and trypsin-like activities.
Ubiquitination has been shown to be a pivotal player in regu-
lating a host of cellular processes, including cell cycle control,
differentiation, and quality control (22). It is important not
only in cellular homeostasis in tissues/organs, including the
nervous system, but also in degradation of misfolded and ab-
errant proteins.

Autophagy is an evolutionally conserved mechanism re-
sponsible for the nonselective bulk degradation of long lived
proteins and cytoplasmic recycling of organelles during devel-
opment, tissue homeostasis, and environmental stress such as
starvation or amino acid depletion (23, 24). There are three
types of autophagy as follows: macroautophagy, chaperone-
mediated autophagy, and microautophagy. Among them,
macroautophagy (hereafter referred to as autophagy) is the
one mediated by the organelle termed autophagosome. Chap-
erone-mediated autophagy involves the direct translocation of
cytosolic proteins across the lysosomal membrane, which re-
quires protein unfolding by chaperone proteins. Microauto-
phagy involves inward invagination of lysosomal membrane,
which delivers a small portion of cytoplasm into the lysosomal
lumen.

Autophagy begins with the formation of double membrane-
bounded autophagosomes (25-27), which then fuse with
lysosomes to form autolysosomes. The contents of autolyso-
somes are finally degraded by acidic lysosomal hydrolases and
the degraded products are transported back to the cytoplasm.
Autophagy has been shown to play a role in organelle turn-
over, cancer cell biology, aging, and neurodegenerative disor-
ders (23, 28 -30).

In this study, we determined the involvement of UPP and
autophagy in processing of the endogenous optineurin in
RGCS5 cells, a neuronal cell type recently shown to be of
mouse origin (31) and an established model for RGCs (31, 32),
as well as neuronal rat adrenal pheochromocytoma PC12 cells
(33). The processing of overexpressed wild type optineurin
and E50K mutant protein was also studied to test the hypoth-
esis that, similar to other neurodegenerative diseases, UPP
function is compromised and autophagy is induced with ele-
vated level or mutation of aggregate-prone optineurin.

EXPERIMENTAL PROCEDURES

Cell Lines—RGC5 cells were obtained from the University
of Illinois, Chicago, Ophthalmology Departmental Core Facil-
ity, deposited by Dr. Paul Knepper (34) and originally from
Dr. Neeraj Agarwal, North Texas Health Science Center, Fort
Worth, TX (31). PC12 cells were purchased from American
Type Culture Collection (Manassas, VA). The cells were cul-
tured in serum-containing complete medium as described
previously (18, 35).

In some experiments, RGC5 cells were treated with tumor
necrosis factor-a (TNF-a, 100 ng/ml, R & D Systems, Minne-
apolis, MN) or interferon-y (IFN-v, 20 ng/ml, R & D Systems)
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for 24 h. Both have been shown to elevate the level of op-
tineurin (14, 15, 36). Tetracycline-regulated (Tet-On) wild
type optineurin (OPTNy1)-green fluorescence protein
(GFP)-inducible stable RGC5 cell line was established as de-
scribed previously (17). Tet-On-inducible E50K optineurin
(OPTNg5o1)-GFP RGC5 cell line was, in addition, created
following the same procedures and strategies. The only excep-
tion was that the OPTNy,-GFP fragment was replaced with
OPTNggoi -GFP during the first cloning step (17). The cells
were maintained in DMEM complete medium with 10% Tet
system certified fetal bovine serum (Clontech), essential and
nonessential amino acids, and antibiotics. To induce expres-
sion of OPTN,-GFP and OPTN,.,-GFP, cells were treated
for 16 h with doxycycline (DOX, 1 ug/ml) (Clontech) in
DMEM complete medium.

DNA Constructs—Optineurin expression vectors pTarget-
OPTNy,, pTarget-FLAG-OPT Ny, pPOPTN -EGEP,
pOPTN-DsRed, as well as pTarget-OPTNg5,,
POPTN 5, -GEP, and pOPTN¢,,-DsRed were constructed
as described previously (18). Transient transfection was per-
formed using Lipofectamine LTX and Plus reagent (Invitro-
gen) for 20 —48 h according to the manufacturer’s protocol.

Western Blotting—To examine the effects of various inhibi-
tors on levels of the endogenous optineurin, RGC5 and PC12
cells in 6-well plates (300,000 cells/well) were treated for 16 h
with vehicle dimethyl sulfoxide (DMSO) or H,O, proteasomal
inhibitors lactacystin (LCT, 1 um) and epoxomicin (5 um),
autophagic inhibitor 3-methyladenine (3-MA, 5 mm), lysoso-
mal inhibitor NH,CI (1 mm), or autophagic inducer rapamy-
cin (2 um). LCT is a proteasomal inhibitor, but it also inhibits
enzymes such as cathepsin A. Epoxomicin, on the other hand,
is a potent and specific proteasomal inhibitor. 3-MA inhibits
class III phosphatidylinositol 3-kinase (PI3K) that is essential
for autophagosome formation, as well as other classes of
PI3K. It is used as an effective and selective drug to inhibit
autophagy degradation. At 5 mu, it has no detectable effects
on other proteolytic pathways (27). NH,Cl is a lysosomo-
tropic weak base that blocks the intralysosomal degradation
of macromolecules via inhibition of the acidification of the
endosome-lysosome system. It does not affect enzyme
activities.

The cells were lysed with lysis buffer (250 mm NaCl, 50 mm
Tris/HC], pH 7.5, 5 mm EDTA, 0.5% Nonidet P-40) supple-
mented with protease inhibitor mixture (Sigma). Protein con-
centration was determined by bicinchoninic acid protein as-
say (Pierce). Total cell lysate was then subjected to SDS-PAGE
under reducing conditions. The proteins were transferred to
nitrocellulose membrane, and the level of endogenous op-
tineurin was assessed by Western blotting using rabbit anti-
C-terminal optineurin (1:1000, Cayman Chemical). The
membrane was also immunoblotted with polyclonal anti-glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) (1:5000,
Trevigen, Gaithersburg, MD) for loading control. Immunore-
active protein bands were detected by chemiluminescence
using SuperSignal substrate (Pierce). Densitometry was per-
formed. The band intensity of the endogenous optineurin was
normalized to that of GAPDH.
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For levels of proteasome regulatory 85 subunit (PSMB5)
that is responsible for the chymotrypsin-like activity of the
proteasome (37) and an established autophagic marker micro-
tubule-associated protein 1 light chain 3 (LC3) (25), RGC5
and PC12 cells were transfected for 20 h with pTarget empty
vector, pTarget-OPTNy,, or pTarget-OPTNy. Total ly-
sate was subject to SDS-PAGE, and levels of PSMB5, LC3, and
GAPDH were assessed by immunoblotting using polyclonal
rabbit anti-PSMB5 (1:1000, Abcam, Cambridge, MA), mono-
clonal anti-LC3 (1:1000, Enzo Life Sciences, Farmingdale,
NY), and rabbit anti-GAPDH (1:5000).

Immunoprecipitation (IP)—Lysates from RGC5 cells un-
treated or treated with 1 um LCT for 16 h were immuno-
blotted using polyclonal anti-optineurin or monoclonal anti-
ubiquitin (1:2000, Biomol, Enzo Life Sciences). Lysates were
also immunoprecipitated with rabbit anti-C-terminal op-
tineurin or rabbit normal IgG (negative control) using the
Catch and Release kit (Millipore, Billerica, MA). The proteins
pulled down were subjected to SDS-PAGE under reducing
conditions. The ubiquitinated proteins were detected with
mouse anti-ubiquitin antibody.

Fluorescence Microscopy and Immunohistochemistry—
RGC5 and PC12 cells were transfected for 20 h with
pEGFP-N1 (mock control), pPOPTN,-EGFP, or
POPTN.,-EGFP. The cells were subsequently treated for 24
or 48 h with autophagic inhibitor 3-MA (5 mMm) or overnight
with rapamycin (2 um). The cells were fixed, and images were
acquired.

For immunofluorescence, the cells were fixed after trans-
fection or treatments, and single or double stained with rabbit
anti-optineurin (1:100), rabbit anti-PSMB5 (1:100), or rabbit
(MBL International, Woburn, MA) or mouse anti-LC3 (1:
100). FITC-goat anti-rabbit IgG, Cy3-goat anti-rabbit IgG, or
Cy3-goat anti-mouse IgG (1:200, Jackson ImmunoResearch,
West Grove, PA) was used as the secondary antibody. The
slides were mounted in Vectashield (Vector Laboratories,
Burlingame, CA) with 4',6-diamidino-2-phenylindole (DAPI).

Photography was carried out using a 63X oil objective on
an Axioscope (Carl Zeiss Microlmaging, Thornwood, NY)
with the aid of Metamorph software (Molecular Devices,
Downingtown, PA). In some experiments, confocal micro-
scopic analysis was performed on a Leica SP2 confocal system
(Leica Microsystems, Bannockburn, IL) using the Leica confo-
cal software following sequential scanning to minimize the
bleed through.

GFP" Reporter Assay—To visualize the change of protea-
some activity by optineurin transfection, a GFP" reporter
plasmid (American Type Culture Collection) was used. It is a
designer reporter consisting of a short 16-amino acid degron
CL1 (a substrate for UPP) fused to the C terminus of GFP (38,
39). For GFP" reporter assay, cells co-transfected with GFP"
and pDsRed empty vector (mock control), pPOPTNy,-DsRed,
or pPOPTN_,-DsRed for 24 h were examined by confocal
microscopy. Images were captured after sequential scanning,
and the intensity of green fluorescence in at least 60 red fluo-
rescent-transfected cells was quantified.

Transmission Electron Microscopy—RGCS5 cells transfected
for 20 h to express GEP, OPTNy,-GFP, or OPTN,-GFP
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were fixed in 2.5% glutaraldehyde, 2% paraformaldehyde in
sodium cacodylate buffer, pH 7.4, postfixed in osmium tetrox-
ide, and embedded in Epon resin. Ultra thin sections (70 nm)
were counterstained with uranyl acetate and lead citrate and
observed under a JEOL JEM-1220 transmission electron
microscope.

For immunogold experiments, inducible cells without or
with DOX treatment were fixed at 4 °C in 4% paraformalde-
hyde, 0.1% glutaraldehyde, in phosphate-buffered saline, pH
7.4, for 2 h and sequentially dehydrated in ethanol solutions
and embedded in LR-White resin. Sections (90 nm) mounted
on 200-mesh nickel grids were blocked and then incubated
with polyclonal anti-GFP (1:100, for wild type or E50K op-
tineurin-GFP) and monoclonal anti-LC3 (1:50). The second-
ary antibodies used were 25-nm colloid gold-conjugated goat
anti-rabbit IgG and 10-nm gold-conjugated goat anti-mouse
IgG (1:25, Jackson ImmunoResearch).

Apoptosis Assay—Apoptosis was evaluated by the Biomol
CV-caspase 3/7 detection kit (Enzo Life Sciences) that utilizes
the fluorophore, cresyl violet, coupled to the C terminus of
the optimal tetrapeptide recognition sequences for caspase
3/7, DEVD (CR(DEVD),). Cleavage of the target sequences by
activated enzymes yields red fluorescence throughout the cell,
indicative of apoptotic activity. RGC5 and PC12 cells on glass
chamber slides were transiently transfected for 48 h to ex-
press GFP, or wild type, or E50K optineurin-GFP. Cells were
incubated with CR(DEVD), for 60 min after treatment with
rapamycin for 30 h. The untreated control did not receive
rapamycin treatment. The slides were mounted in Vectash-
ield with DAPI, which stained nuclei of all transfected and
nontransfected cells.

The total number of DAPI-stained transfected cells (green)
and the number of CR(DEVD),-stained transfectants (display-
ing both green and red fluorescence) in 20 of randomly se-
lected 10X fields were counted (40). The percentage of
caspase 3/7-positive apoptotic cells in ~100 transfectants
(number of green and red cells/number of green only cells)
was calculated. The experiments were repeated three times.
Statistical analysis was performed using Student’s ¢ tests.

Transgenic Mice—The E50K transgenic mice were gener-
ated as described previously (41). All the experiments using
mice were performed in accordance with the Association for
Research in Vision and Ophthalmology statement for the Use
of Animals in Vision Research.

The intraocular pressure of the transgenic mice was mea-
sured using an impact-rebound tonometer (Colonial Medical
Supply, Franconia, NH) and optical interferometry tonometer
(FISO Technologies, Quebec, Canada). Optic disk imaging
and light microscopic histopathological examination of the
optic nerve were carried out. Paraffin sections of retinal tis-
sues were prepared for TUNEL assay (39). Sections (5 wm)
from 12-month-old normal and transgenic mice were depar-
affinized and stained in parallel with hematoxylin and eosin,
monoclonal anti-TUJ1 (anti-BIII-tubulin, 1:400, Covance,
Princeton, NJ) to highlight RGC layer (42), or polyclonal anti-
optineurin (1:100), anti-PSMB5 (1:250), or anti-LC3 (1:200).
Qdot 655 goat anti-mouse or rabbit IgG (1:100, Invitrogen)
was used as the secondary antibody. The slides were mounted
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FIGURE 1. Effects of proteasomal, autophagic, and lysosomal inhibitors
on levels of the endogenous optineurin in RGC5 (A) and PC12 (B) cells.
Cells were treated for 16 h with vehicle DMSO or H,0, or proteasomal (lacta-
cystin) and epoxomicin (Epoxo)), autophagic (3-MA), or lysosomal (NH,C/)
inhibitors. In a separate experiment, cells were also treated with rapamycin
(Rapa) or vehicle (H,0) for 16 h. Proteins (25 pg) in cell lysates were immu-
noblotted with anti-optineurin or anti-glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH). Densitometry was performed. The optineurin/GAPDH
relative to the DMSO or H,O control ratios are presented.

in Vectashield, examined under Axioscope, and photo-
graphed. In some experiments, sections from 4- and
8-month-old mice were prepared and immunostained with
anti-optineurin, anti-PSMB5, and anti-LC3. For EM, 12-
month-old mouse eyes were fixed in 2.5% glutaraldehyde, 2%
paraformaldehyde in phosphate buffer. The retinas were dis-
sected out and the tissues were postfixed in 1% osmium te-
troxide, sequentially dehydrated, and embedded in Spurr’s
resin. Thin sections (90 nm) were cut and stained for exami-
nation under JEOL 1200 EX transmission electron
microscope.

RESULTS

Endogenous Optineurin Level in RGCS and PC12 Cells—

Cells were treated with proteasomal, autophagic, and lyso-
somal inhibitors. As can be seen in Fig. 1, the endogenous op-
tineurin level in both RGC5 and PC12 cells was increased by
2-3-fold upon treatment with proteasomal inhibitors, LCT
and expoxomicin, but only by 1.1-1.4-fold with autophagic
and lysosomal inhibitors. Rapamycin, an autophagic inducer,
did not alter the optineurin level, supporting the 3-MA results
that autophagy has a minimal role in the processing of the
endogenous optineurin.

Optineurin Is Ubiquitinated—Lysates from RGC5 cells
were immunoprobed for optineurin and ubiquitin. Consistent
with results from Fig. 1, the level of optineurin was increased
upon treatment of LCT. Also seen were higher molecular
weight bands with stronger intensities in LCT-treated sam-
ples (Fig. 24, left panel). Meanwhile, LCT treatment, as antici-
pated, resulted in an enhanced level of total ubiquitinated
proteins in cell lysates (Fig. 24, right panel).

Lysates were in addition immunoprecipitated with poly-
clonal anti-optineurin and immunoprobed with monoclonal
anti-ubiquitin. Multiple bands immunoreactive to anti-ubiq-
uitin were observed in the immunoprecipitated protein pool,
indicating that the endogenous optineurin in RGC5 cells was
ubiquitinated (Fig. 2B, left panel). The intensity of the ubiq-
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IB: anti-Ub

A IB: anti-OPTN
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IB: anti-Ub IB: anti-OPTN

LCT N LCT NC

kba _ '+ N ypa %
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150 — 150 —
100 — 100 —
75 — 75 —
50 — . : 50 —
37 — 37 —

FIGURE 2. A, total lysates from RGC5 cells without or with treatment of lacta-
cystin (LCT, 1 um, 16 h) were immunoblotted (/B) with polyclonal anti-op-
tineurin (anti-OPTN, left panel), anti-GAPDH, or monoclonal anti-ubiquitin
(anti-Ub, right panel). B, total lysates from RGC5 cells without or with the LCT
treatment were immunoprecipitated (/P) with rabbit anti-OPTN polyclonal
antibody or normal rabbit IgG (as a negative control, NC) followed by immu-
noblotting (/B) with mouse anti-Ub monoclonal antibody. Optineurin
pulldown by rabbit anti-OPTN, but not the rabbit IgG control, showed multi-
ple bands immunoreactive to anti-ubiquitin (left panel). The intensity of the
ubiquitin-positive bands was enhanced by prior LCT treatment. The same
blot was also probed with anti-OPTN (right panel) to verify the IP procedure.
*, the 74-kDa optineurin band.

uitin-positive bands was enhanced by prior LCT treatment.
The same blot was also probed with anti-optineurin to verify
the IP procedure (Fig. 2B, right panel).

Optineurin Foci Formation— After transfection, the overex-
pressed optineurin-GFP fusion protein distributed diffusely in
the cytoplasm of RGC5 and PC12 cells with dots or granular
structures observed most notably near the nucleus (Fig. 3).
These structures, referred to as foci, were also observed previ-
ously in human retinal pigment epithelial and trabecular
meshwork cells (18). Foci formation in addition was noted in
cells after transfection to overexpress E50K optineurin-GFP.
The number and the size of the E50K-GFP foci were greater
than those of the wild type (Fig. 3), as was reported previously
in retinal pigment epithelial cells (18).

Reduced Proteasome Activity in Optineurin Overexpressing
Cells—RGCS5 cells transfected for 20 h to express wild type
and E50K optineurin-GFP were immunostained for PSMB5 as
an indication of proteasome activity (37). The staining inten-
sity in green optineurin-overexpressing RGC5 cells was much
reduced compared with mock controls and nontransfected
cells (Fig. 4A). Western blot analyses indicated that the
PSMBS5 protein level was decreased (0.36 = 0.10 and 0.30 =
0.14, respectively, n = 3, p < 0.002) as the optineurin level
was increased by 8 —10-fold upon transfection of pTarget-wild
type and E50K optineurin (Fig. 4B). Similar alterations were
also observed in PC 12 cells (data not shown).
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A EGFP-N1 OPTNwr-GFP OPTNEsok-GFP The cells were subsequently co—tran.sfectefi with pQPT—
Nyr-DsRed and GFP" reporter plasmid. This ubiquitin pro-

teasome system reporter has been shown to be degraded in
mammalian cells in an ubiquitin-dependent manner (38, 39).
Proteasomal inhibitors such as LCT, but not other protease
inhibitors, increased the steady state level of GFP" (39). Its
fluorescence readout and dependence on ubiquitin thus make

B GFP" a simple and reliable tool (30). Results shown in Fig. 4,
EGFP-N1 OPTNwr-GFP OPTNesok-GFP Cand D, revealed that the GFP" green fluorescence was in-

creased, indicating a lowered proteasome activity in cells
transfected with pOPTNy,-DsRed compared with those of
DsRed control and nontransfected cells. A decreased protea-
some activity was also seen in cells transfected with
pOPTN5o-DsRed (Fig. 4C).

. L Induction of Autophagy in Optineurin Overexpressing
FIGURE 3. Foci formation in RGC5 (A) and PC12 (B) cells after 20 h of

transfection with pEGFP-N1 (mock control), pOPTN,,;-GFP, and Cells—Following optineurin transfection, RGC5 (Fig. 5) and
POPTN;0«-GFP to express GFP, wild type, and E50K optineurin-GFP. PC12 (data not shown) cells were stained for the autophagic

The optineurin-GFP fusion proteins distributed diffusely in the cytoplasm of . . s . .
RGC5 and PC12 cells with dots or granular structures (arrows) observed marker LC3. The Intensity of LC3 staining in optineurin

most notably near the nucleus. These structures are referred to as foci. Scale  transfected green cells was found stronger than that seen in
bar, 10 um. mock controls and nontransfected cells (Fig. 54). Partial co-
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FIGURE 4. A, PSMB5 immunostaining (in red) in RGC5 cells. The cells were transfected for 20 h to express GFP, OPTN,y-GFP, or OPTNgs,-GFP. All transfec-
tants displayed green fluorescence. Note a reduced PSMB5 staining intensity in optineurin-GFP-expressing green cells compared with GFP-expressing or
nontransfected cells. The reduction was more striking with the E50K mutation than the wild type. Scale bar, 10 um. B, Western blotting for PSMB5 protein
level. RGC5 cells were transfected for 20 h with pTarget, pTarget-OPTN,,, or pTarget-OPTNgsqk. Total lysate was subject to SDS-PAGE and immunoblotting
(/B) using polyclonal rabbit anti-optineurin, anti-PSMBS5, or anti-GAPDH. The optineurin (OPTN) level, normalized to that of GAPDH, was increased by 9.8-
and 7.5-fold, respectively, after wild type and E50K optineurin-GFP transfection. The PSMB5/GAPDH relative to the GFP control ratios are presented. Similar
results were also obtained with PC12 cells (data not shown). C, GFP" reporter assay. RGC5 cells were co-transfected with GFP" and pDsRed, pOPTN,,+-DsRed,
or pPOPTNgsok-DsRed for 20 h. The transfected cells displaying both green and red fluorescence were examined by confocal sequential analyses. The loss of
GFPY green fluorescence is an indication of proteasome activity. The fluorescence intensity from GFP" is thus inversely correlated to the proteasome activ-
ity. Scale bar, 10 um. D, intensity of green fluorescence from GFP" in red fluorescent-transfected cells was quantified. Results are presented as mean = S.E.
(n >60) per transfected cells. The higher the value, the lower is the proteasome activity. *, p < 0.0001 compared with DsRed controls.
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FIGURE 5. A, LC3 immunostaining in transfected RGC5 cells. The cells trans-
fected for 20 h to express GFP, OPTN,,-GFP, or OPTNgso-GFP were stained
with rabbit anti-LC3 in red. The GFP and LC3 merged images are presented.
Note an increased LC3 staining in optineurin-transfected green cells. The
optineurin foci (green) and LC3 (red) were co-localized partially in the pe-
rinuclear region in yellow. Bar, 10 wm. B, Western blotting for LC3 protein
level. RGC5 cells were transfected for 20 h with pTarget, pTarget-OPTN,,, or
pTarget-OPTNgsk. Total lysate was subject to SDS-PAGE and immunoblot-
ting (/B) using rabbit anti-optineurin, mouse anti-LC3, or rabbit anti-GAPDH.
Both LC3-I and LC3-Il protein bands were detected. The OPTN level, normal-
ized to that of GAPDH, was increased by 11.5- and 12.3-fold, respectively,
after wild type and E50K optineurin transfection. The LC3/GAPDH relative to
the pTarget control ratios are presented. Similar alterations were also ob-
served in PC12 cells (data not shown).

localization between optineurin foci and LC3 staining was
observed.

LC3 exists in two forms. LC3-I (18 kDa) is cytosolic and
LC3-II (16 kDa) is lipidated (conjugated to phosphati-
dylethanolamine) which is inserted into the membrane.
The amount of LC3-II is correlated with the extent of auto-
phagosome formation, and increasing levels of LC3-II on
immunoblots have been used to document induction of
autophagy (27). In RGC5 cells, the level of LC3 protein,
especially the active LC3-1I form, was found substantially
increased (2.4 * 0.4 and 2.7 * 0.5 respectively, n = 5, p <
0.002) by Western blotting upon overexpression of wild
type and E50K optineurin (Fig. 5B).

In separate experiments, RGC5 cells were treated with
TNE-« and IFN-vy for 24 h. The optineurin level was in-
creased by ~2-fold, as was reported previously (14, 15, 36).
Foci formation was not apparent, but the PSMB5 level was
found reduced by 40— 60%, and the LC3-II level was elevated
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by 1.9 -2.5-fold (Fig. 6). Similar PSMB5 and LC3 alterations
were also observed in inducible cell lines when wild type and
E50K optineurin-GEFP levels were induced by 10-12-fold, and
foci were formed upon DOX treatment (data not shown). It is
of note that the overexpressed or up-regulated optineurin
levels seen in Figs. 4—6 are not the expression levels but
rather the stationary state levels set by expression and degra-
dation. The resulting level depends not only on the transla-
tional increase but also on the maximum ability of the cell to
degrade the excess proteins. This indicates that the transient
overexpression might be much higher than 10 times but could
be regulated somewhat by the autophagic degradation
process.

Furthermore, electron dense as well as electron-light dou-
ble or multiple membrane autophagosome- and autolyso-
some-like structures or vesicles (43, 44) were prominently
observed by electron microscopy in RGC5 cells after op-
tineurin transfection (Fig. 7A, panels a—c). These structures
were rarely detected in GFP control (Fig. 7A, panel d) and
nontransfected (data not shown) cells.

Autophagosome-like structures were also observed in in-
ducible wild type (data not shown)- and E50K (Fig. 7B, panels
a and b)-GFP-expressing cells following DOX induction but
not in noninduced cells (Fig. 7B, panel b, inset). Immuno-
gold studies showed co-localization of E50K optineurin-
GFP and LC3 in autophagosome-like structures (Fig. 7B,
panels c and d).

Optineurin Foci Formation Is Regulated by Autophagy—
RGC5 (Fig. 8, A and B) and PC12 (data not shown) cells trans-
fected with pOPTNy,-GFP and/or pOPTN_,,-GEP for 20 h
were treated with 3-MA or rapamycin for 24 or 48 h. The
3-MA-treated cells showed more optineurin wild type foci
formation compared with the untreated controls (Fig. 84),
and the foci enhancement was more dramatically seen at the
48-h time point. The rapamycin-treated cells, on the other
hand, showed less foci formation compared with the un-
treated group in both pOPTNy,-GFP and pOPT N, -GFP
transfectants (Fig. 8B), suggesting that the overexpressed op-
tineurin was cleared, at least in part, via the autophagy
pathway.

Rapamycin Treatment Reduces the Level of Apoptosis In-
duced by Overexpressed Optineurin—RGC5 (Fig. 8C) and
PC12 (data not shown) cells were transiently transfected to
express GFP alone, wild type or E50K optineurin-GFP fol-
lowed by treatment of rapamycin. Images were captured, and
the percentage of cells that exhibited activated caspase 3/7
enzymes, representing apoptotic activity, in the transfected
population was determined. Results indicated that without
the rapamycin treatment, the percentage of caspase 3/7-posi-
tive cells in total wild type- and E50K optineurin-GFP-overex-
pressing transfectants was increased by ~1.8 -2.5-fold (p <
0.008) compared with that in pEGFP-N1-transfected mock
controls (Fig. 8C). After the rapamycin treatment, the level of
apoptosis in optineurin transfectants was declined to within
the control limits (Fig. 8C).

Transgenic E50K Mouse—The E50K mouse is transgenic,
not a knock-in mouse. The transgene was expressed using the
chicken B-actin promoter (pCAGGS) with CMV enhancer.
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FIGURE 6. A, optineurin and PSMB5 immunostaining in RGC5 cells. The cells were treated with TNF-a (100 ng/ml) or IFN-vy (20 ng/ml) for 24 h and were
stained with polyclonal rabbit anti-optineurin in green or polyclonal rabbit anti-PSMBS5 in red. The micrographs shown for optineurin and PSMB5 staining
were from different specimens. B, optineurin and PSMB5 immunostaining in RGC5 cells. The cells were treated with TNF-« or IFN-y as in A. The specimens
were double stained with rabbit anti-optineurin in green and monoclonal anti-LC3 in red. Cells from the same fields are shown for both optineurin and LC3
staining. Scale bar, 10 um. C, immunoblotting (/B) using anti-optineurin (OPTN), anti-PSMB5, anti-LC3, and anti-GAPDH in cells untreated (lane 1, control), or
treated with TNF-« (lane 2) or IFN-vy (lane 3) for 24 h. Note that the 18-kDa LC3-I band was barely visible. Only the 16-kDa LC3-Il band is shown. As stated
earlier, LC3 exists in two forms. LC3- is cytosolic and LC3-Il is lipidated and membrane-bound. The amount of LC3-Il is correlated with the extent of auto-
phagosome formation, and an increasing level of LC3-Il on immunoblots signals autophagy induction. Bar graph depicts the relative intensities (levels) of
OPTN, PSMBS5, and LC3 compared with untreated controls after normalization to the GAPDH level.

The copy number for the mutant gene was ~12-14 per
mouse (41). Although the distribution remained similar, the
overall optineurin expression was higher in the retina of ES0K
transgenic mice compared with the endogenous optineurin
expression. The RGC loss and retinal thinning were seen 12
months after birth in the transgenic mice. By 16 months,
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~43% of the retinal thickness and ~20% of RGC numbers
were reduced (41). Excavation of the optic nerve head was
also observed. Apoptotic RGCs were detected in 16- month or
older E50K mice. The average intraocular pressure reading for
mutant mice was in the normal range of 15 = 1 mm Hg for all
ages examined (41).
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FIGURE 7. A, autophagosome- and autolysosome-like structures in op-
tineurin wild type (panels a and b)- and E50K-GFP (panel c)-expressing RGC5
cells. By electron microscopy, the electron dense, organelle-sequestrating,
double or multiple membrane structures with diameter averaged between
400 and 600 nm were not observed in GFP-expressing mock-transfected
cells (panel d). Scale bar, 5 um in panel a, 0.5 wm in panels b and ¢, and

1 wm in panel d. B, autophagosome- and autolysosome-like structures are
observed in inducible RGC5 cells after DOX induction to express E50K

BsEpE\
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Tissue sections from 12-month-old E50K transgenic mice
displayed a fainter staining of PMSB5 but a stronger staining
of LC3 in RGCs compared with those from control littermate
mice (Fig. 9B). Staining with anti-optineurin also yielded a
higher intensity in the transgenic tissues as expected (Fig. 9B).
The enhanced LC3 and reduced PSMB5 staining was also ob-
served in sections from the 4- and 8-month-old transgenic
mice (data not shown). Interestingly, no pathology was appar-
ent in the former mice although retinal thickness appeared to
be somewhat reduced in the latter.

The staining results in 12-month-old E50K transgenic and
normal mice were confirmed by Western blotting of retinal
extracts (Fig. 9C). By electron microscopy, autophagosome-
like structures were demonstrated in RGCs of E50K trans-
genic eyes (Fig. 9D). Quantification analyses indicated that the
structures were found in 22 of 33 RGCs examined in trans-
genic mouse sections, but only in 1 of 23 RGCs in controls.

DISCUSSION

In eukaryotic cells, the ubiquitin-proteasome and autoph-
agy pathways are two major routes for protein clearance (19—
21). This study demonstrates that proteasomal inhibition led
to an increase in the endogenous optineurin level in neuronal
RGC5 and PC12 cells (Fig. 1). On the other hand, autophagic
and lysosomal inhibition as well as autophagic activation had
little effect. The UPP thus appeared to be the major pathway
for endogenous optineurin processing. Autophagy and lyso-
somes had a rather minor, if any, role. Supporting this conclu-
sion, the endogenous optineurin in RGC5 cells was found
ubiquitinated (Fig. 2). UPP has been shown to be the pathway
that degrades in a specific manner short lived proteins. The
involvement of UPP is therefore consistent with our finding
that the half-life of the endogenous optineurin is ~8 h (17).
Ubiquitination of the endogenous optineurin also agrees with
a previous observation that **S-labeled, in vitro-translated
optineurin binds to ubiquitin and is ubiquitinated (16).

Our study further indicates that upon optineurin overex-
pression or mutation, the proteasome activity in neuronal
cells is decreased (Fig. 4) whereas autophagy is induced. The
induction of autophagy is evidenced by an increased immuno-
staining (Fig. 5A) for an established autophagic marker LC3
(25), an increased protein level of LC3-II (Fig. 5B), the lipi-
dated form of LC3 that inserts into the membrane and corre-
lates with the appearance of LC3-positive autophagosomes
(27, 45-47), plus the detection of autophagosome- and au-
tolysosome-like structures in transfected cells (Fig. 6). The
overexpressed wild type and E50K optineurins appeared to be
processed largely through autophagy, as autophagic activator
rapamycin diminishes, whereas the inhibitor 3-MA augments
the foci formation (Fig. 8, A and B).

optineurin-GFP (panels a-d). A lower magnification micrograph is shown in
panel a demonstrating those structures in the cytoplasm of several cells.
Co-localization of optineurin-GFP (25 nm gold particles) and LC3 (10 nm
gold particles) in those structures is seen by immunogold labeling experi-
ments (panels ¢ and d). The autophagosome- and autolysosome-like struc-
tures are barely detected in noninduced controls (inset in panel b). Scale bar,
1 wmin panel a, 0.5 um in panel b, and 0.2 um in inset, panels c and d.

JOURNAL OF BIOLOGICAL CHEMISTRY 3625

¥T0Z ‘Gg Afenuer Uo sa1reuq1T plenteH 1e /61000 mmawy/:dny wouy pepeojumoq


http://www.jbc.org/
http://www.jbc.org/

Processing of Optineurin

A Control

3-MA

24 h

48 h

Rapamycin

OPTNesok-GFP  OPTNwr-GFP 00

27
»
C % = Nontransfected
O 244 GFP
g OPTN-GFP
2214 ~ E50K-GFP
7]
o
o
~ 18- *
=
3 i
15 *
& =
=9 1
® 12 -
(@) A
S 94 ?
0] A
(o)) /
S 64 A
c /
© %
O 31 5
[0 A1
& 0

(-) Rapamycin (+) Rapamycin

FIGURE 8. Effects of 3-MA and rapamycin on optineurin foci formation.
A, RGC5 cells transfected for 20 h with pOPTN,,;-GFP were untreated (con-
trol) or treated for 24 or 48 h with 3-MA (5 mm), an autophagy inhibitor. Op-
tineurin foci formation was visualized under a Zeiss fluorescence micro-
scope. Note an increased foci formation in 3-MA-treated cells. B, RGC5 cells
transfected with pOPTN,,t-GFP and pOPTNs.«-GFP were treated for 20 h
with rapamycin (2 um), an autophagy inducer. Note a reduction in foci for-
mation with rapamycin treatment. Scale bar, 10 wm. Similar results were
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A decrease in the PSMB5 level and an increase in the LC3
level were similarly observed in cells treated with TNF-a and
IFN-v (Fig. 6) as well as in inducible cell lines (data not
shown). Such in vitro changes were likewise observed in vivo
in E50K transgenic mice. The E50K-overexpressing mice de-
veloped phenotype that mimicked the clinical features of
NTG patients, including neuropathy of the optic disc and de-
generation of the RGCs without an increased intraocular
pressure (41). This mouse line thus appears to be the first
NTG mouse model. It is notable that the intensity changes of
PSMB5 and LC3 staining, although not dramatic, were readily
visible (Fig. 9B). The protein level changes in the 12-month-
old E50K mice were confirmed by Western blotting (Fig. 9C).
Autophagosome- and autolysosome-like structures were also
observed in the E50K specimens (Fig. 9D).

It has been documented that when a cytosolic protein is
aggregate-prone, it becomes a poor proteasome substrate.
One example is a-synuclein, a protein of unknown function
and a major component of Lewy bodies (aggregates) observed
in Parkinson disease. Mutations of a-synuclein are known to
cause autosomal dominant, early onset Parkinson disease.
Previous studies have disclosed that both UPP and autophagy
are routes for a-synuclein degradation, and that although sol-
uble a-synuclein is cleared by proteasome, the aggregated
protein or mutants are preferentially cleared by autophagy
(30, 47).

The optineurin degradation hence parallels that described
for a-synuclein. The endogenous optineurin seems to be de-
graded chiefly through the ubiquitin pathway. When op-
tineurin is up-regulated or mutated in neuronal cells, autoph-
agy becomes involved (Figs. 5-7).

The optineurin overexpression characteristics bear similar-
ities to those seen in neurodegenerative diseases, including
Alzheimer and Huntington (20, 38, 48). After transfection
with wild type or E50K optineurin, the optineurin foci are
observed to distribute in the perinuclear region in proximity
to the Golgi complex (17, 18, 40). Following precedent of
those described for aggresomes, inclusion bodies, or Lewy
bodies, the optineurin foci are formed in a microtubule-de-
pendent manner (17, 18). They appear to be LC3-positive
(Fig. 5A). Also, the proteasome function is impaired (Fig. 4, C
and D) as was seen in neurodegenerative diseases (38, 50, 51).
In addition, overexpression of both wild type and E50K op-
tineurin leads to apoptosis in cultured cells (40), and the tox-
icity can be rescued by rapamycin treatment (Fig. 8C). These
analogies further underline that glaucoma shares common
features with neurodegenerative diseases (52—54).

also obtained with PC12 cells (data not shown). C, percentage of caspase
3/7-positive apoptotic cells in transfected RCG5 cells. The cells transfected
for 48 h to express GFP (mock control), wild type optineurin-GFP (OPTN-
GFP), and E50K optineurin-GFP (E50K-GFP) were examined by a caspase 3/7
detection kit. One set of cells was treated with 2 um of rapamycin ((+) Rapa-
mycin) for the last 30 h and another was untreated ((—) Rapamycin). Images
in 20 of 10X fields were captured, and cell counting was performed to de-
termine the total number of transfected cells (green) and the number of
caspase 3/7-positive transfectants (green and red). Percentage of caspase
3/7-positive apoptotic transfected cells was calculated. Results from three
independent experiments are shown in mean = S.E. *, p < 0.008 compared
with GFP controls. Similar patterns were also observed with PC12 cells (data
not shown).
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FIGURE 9. A, retinal sections from 12-month-old E50K transgenic and normal littermate mice were stained with monoclonal anti-TUJ1 (in red) to highlight
the RGC layer and with hematoxylin and eosin to demonstrate retinal layers. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL,
outer plexiform layer; ONL, outer nuclear layer; POS, photoreceptor outer segments; and RPE, retinal pigment epithelium. Note that the retinal thickness is
reduced in the E50K transgenic specimen compared with normal control. Scale bar, 50 um. B, retinal sections from normal and E50K mice were stained in
parallel with polyclonal anti-optineurin, anti-PSMBS5, or anti-LC3 (all in red). All staining was done using the same antibody concentrations with identical
exposure times. As RGCs are the focus of the study, staining in RGCs and the adjacent inner plexiform layer is shown at a higher magnification. Negative
controls (NC) in which serial sections were stained only with secondary antibodies (for both monoclonal and polyclonal primary antibodies) are shown as
insets. There was a modest decrease in staining intensity of PSMB5 but an increase in LC3 staining in the RGC layer in transgenic sections compared with
normal controls. The optineurin staining was also enhanced in the transgenic mouse. Scale bar, 50 um. C, Western blotting for OPTN, PSMBS5, LC3, and
GAPDH levels in retinal extracts from normal (lane 1) or E50K (lane 2) mice. Note that for LC3, the 18-kDa LC3-I band was extremely faint. Only the 16-kDa
LC3-ll band is shown. Bar graphs, representing results from three experiments, depict the levels of optineurin, PSMB5, and LC3 relative to normal after nor-
malization to the GAPDH level. *, p < 0.0053 compared with normal. D, autophagosome- and autolysosome-like structures are observed in RGCs of E50K

mouse (left and middle panels) but are rarely seen in normal littermates (right panel). Bar, 1 um in the left panel, and 0.5 um in middle and right panels.

The role or significance of the foci observed in glaucoma is
at present unclear. Interestingly, the roles of inclusion bodies
and aggresomes formed in other neurodegenerative diseases
are also not clear. As summarized in a number of reviews (21,
26, 55, 56), the inclusion bodies and aggresomes may play a
protective role by sequestering toxic, misfolded protein spe-
cies and providing the cells with an opportunity of delayed
protein degradation. They may also inactivate the proteasome
and mediate cytotoxicity. Inhibition of proteasome is believed
to induce autophagy, which serves as a default mechanism for
degradation of the accumulated abnormal proteins. However,
when the autophagic clearance system reaches saturation,
unable to eliminate the excess proteins, dysregulation or de-
fection may occur, contributing to apoptosis and pathology

FEBRUARY 4, 2011 +VOLUME 286-NUMBER 5

(26). Supporting this notion, diffuse and abnormal proteins
accumulate and aggregate to form inclusions that can disrupt
the neural system in Atg5 (autophagy-related gene 5)-defi-
cient mice (57). Also, the protein accumulation and neurode-
generative phenotype could be reverted by activation of the
autophagy pathway with a gene therapy approach (58) or in-
fusion of rapamycin (55). It is suggested that there may exist a
threshold as a point of divergence between physiological and
pathological autophagy (59), and both the physiological and
pathological roles of autophagy remain as critically important
areas for investigations. Furthermore, inhibition of protea-
some function has also been shown to trigger apoptosis (60)
depending on cell types and conditions. Defects in the UPP
may drive human pathologies, including neurodegenerative

JOURNAL OF BIOLOGICAL CHEMISTRY 3627

¥T0g ‘Gz Afenuer Uo saLreuq 1 preAteH Te /B.10°oq ['mmmwy/:dny wouy pepeojumoq


http://www.jbc.org/
http://www.jbc.org/

Processing of Optineurin

diseases (30), although there have been controversies that still
await further clarification (61).

A similar scenario may take place in optineurin-related
glaucoma. In this context, it is intriguing that a persistent ac-
cumulation of autophagosomes was observed in a recent
study (62) in the rat optic nerve following an optic nerve
crush injury. The autophagy observed, possibly related to the
lesion-induced calcium influx, was thought to be the major
pathophysiological mechanism contributing to the ensuing
axonal degeneration. It is also of interest that very recently
mutations of optineurin are reported to be involved in the
pathogenesis of amyotrophic lateral sclerosis (8). Although
the role of foci in pathology remains to be precisely defined,
an amyotrophic lateral sclerosis case with the E478G op-
tineurin mutation did show optineurin- and ubiquitin-posi-
tive cytoplasmic inclusions. Optineurin in addition is linked
to Paget disease (9), a condition characterized by focal in-
creases in bone turnover. The osteoclasts in affected bone also
contain intranuclear inclusion bodies (63).

There is growing evidence that ubiquitin may be involved
in “selective” autophagy (21, 64). It has been shown that ubiq-
uitin-binding receptors such as p62 are required in the pro-
cess of autophagic clearance of protein aggregates (61, 64). By
binding simultaneously to ubiquitin and autophagosome-as-
sociated ubiquitin-like LC3, the receptors mediate docking of
ubiquitinated protein aggregates to the autophagosome for
selective degradation. Optineurin is ubiquitinated, but
whether its aggregates are processed through the “selective”
autophagy process is currently unknown.

Taken together, this study provides compelling evidence
that in normal homeostatic situations, the turnover of endog-
enous optineurin involves mainly UPP. When optineurin is
up-regulated or mutated, the UPP function is compromised,
and autophagy comes into play. A decreased PSMBS5 level and
an induced autophagy were also demonstrated in vivo in
RGCs of E50K transgenic mice, validating and making rele-
vant the in vitro findings.

Optineurin and E50K mutant have been shown to inhibit
NEF-kB activation (8, 15). Studies from our laboratory reveal
that the interaction with Rab8 and transferrin receptor is
stronger with the E50K mutant than the wild type optineurin.
The mutant also produces a more prominent foci formation
(17, 18), more severe fragmentation of the Golgi complex (18),
and a higher level of apoptosis (40) than overexpression of the
wild type optineurin. Representing a gain-of-function muta-
tion, E50K in addition impairs more dramatically the trans-
ferrin trafficking (65). Based on these observations, we sur-
mise that the defective trafficking, deregulated NF-«kB
signaling, along with fragmentation of the Golgi complex and
increased apoptosis may be the underlying bases how the
E50K optineurin mutation renders the patients predisposed
to the glaucoma pathology. Autophagy, on the other hand,
may not be a primary factor in the disease development. This
pathway may simply be induced initially as a protective re-
sponse with buildup of the aggregate-prone mutant protein.
Autophagy may contribute to the demise of the cells only
when the buildup exceeds the capacity, exacerbating then the
disease condition.
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It is additionally noteworthy that although the E50K find-
ings have pathological significance, the wild type optineurin
overexpression results may also be of physiological relevance.
Optineurin, for example, is known to be up-regulated by
proinflammatory cytokines TNF-« (14, 36) and IFN (14). Its
expression may be heightened to set off adverse consequences
upon acute or chronic inflammation and infection. Increases
of TNF-« in the retina and the optic nerve head have been
associated with glaucomatous conditions (66).

Knowledge of the degradation pathways acting on op-
tineurin can help in the design of novel therapeutic strategies
(30). For example, proteasome activity can be promoted by
overexpression of proteasome subunit or molecular chaper-
ones, and autophagy can be up-regulated by rapamycin (30),
rapamycin plus lithium combination (67), or small molecule
autophagy enhancers (49). Future studies will be focused on
this translational aspect.
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