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Introduction

The critical importance of elevated intraocular pressure IOP) in
the pathogenesis of glaucomatous optic neuropathy is widely
recognized [1,2). While compromise of aqueous humor outflow is
the key determinant of elevation m IOP [3,4], the molecular
mechanisms underlying changes in the outflow pathway that lead
“to elevated IOP remain to be clucidated. For this reason, mouse

“genetic knockout models of spontaneous glaucoma are highly
sought after.

The Vav proteins are the best-characterized family of guanine
nucleotide exchange factors (GEFs) that activates Rho guanosine
triphosphatases (GTPases) in a phosphorylation-dependent man-
ner [5]. Rho GTPases control cell behavior via regulating the
specific filamentous actin structures involved in migration,
adhesion, and morphogenesis, by acting as binary switches cycling
between an mactive (GDP-bound) and active (GTP-bound) state
[6]. The three mammalian Vav protemns, Vavl, Vav2, and Vav$,
share a Dbl homology domain for their enzymatic activity as GEFs
and contamn a common structural array characteristic of proteins
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involved in signal transduction. Regardless of the structural
smmilarity, Vav proteins differ in their tissue distribution. Vavl 1s
expressed specifically in lymphoid lineage cells, whereas Vav2 and
Vav3 are more widely expressed {5,7]. Genetic approaches using
knockout mice have provided valuable information on the func-
tion of Vav proteins i wviwo. Vav proteins are crucial for the
development and function of hematopoietic lineage cells such
as lymphocytes, neutrophils, natural killer cells, and osteoclasts
[8-16]. Individual Vav proteins exhibit both redundant and
specialized functions. Despite the wide distribution of Vav2 and
Vav3 proteins mn mouse tissues, little is known about thexr specxﬂc
function in non-hematopoietic cells. ;

While trying to better elucidate the functions of Vav2 and Vav3
in non-hematopoictic cells, we discovered that Vav2/Vav3-
deficient mice have a significant -ocular phenotype. Specifically,
we show that Vav2/Vav3-deficient mice have elevated IOP,
which eventually manifests as buphthalmos. Loss of Vav2 and
Vav3 expression is associated with changes in the iridocorneal
angle, with eventual chronic angle closure. The elevation of
IOP in Vav2/Vav3-deficient mice is accompanied by an. optic
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shown to be susceptibility loci by single nucleotide polymorphisms
(SNPs) study of Japanese primary open-angle glaucoma patients.

Results

Vav2/Vav3-Deficient Mice Develop Buphthalmos (

Eyes of Vav2/Vav3-deficient (Vav2 /" Vav3™’”) mice were:

noted to develop buphthalmos starting between 6 and 12 weeks of
age (Figure 1). This enlargement was typically seen unilaterally at

first, with frequent Dbilateral -involvement over ‘the  next ‘1-2 ..

months ‘and contmued enlargement untxl the mice were G-month

Diameter

ot Coriiea i) 4.dinm
Weight-of. ; o '
Eyeball 15.5mg 23.0mg. 40.0mg

Figure 1. Vav2Nav3-deflc|ent mlce develop buphthalmos. Eyes
of Vav2/Vav3-deficient (Vav2 ™ Vav3™") mice develop buphthalmos
between 6 and 12 weeks of age. A. Left photo: Representatlve photo of
unifateral enlarged eye in 10-week-old Vav2™"Vav3™" mice. Centre
photo Representative photo of bilateral enlarged eyes in 16-week-old
Vav2™/~Vav3™" mice. Right photo: Representative photo of enlarged
eye becoming atrophic in 8-week-old: Vav2™ Vav3™~ mice. B.
Comparison of eye sizes. Left panel: Representative eye of 10-week-
old wild-type {(WT) mice as a contiol (n=20). Cornea diameter is
2.9+0.1 mm. Weight is 15.8=1.1 m /g Centre panel Representative first-
recognized enlarged eye of Vav2™" Vav3™" mice (9- to" 10-week-old,
n=20). The cornea diameter is 3.3x0.1 mm. Weight is 23.7+4.4 mqg.
P<0.001. Right panel: Representatuve moderately enlarged -eye of 12-
week-old Vav2™/"Vav3™'"mice (n=20). The cornea diameter is
4.2+04 mm, Weight is 38.0+4.0 mg C. Age of onset of enlarged eyes
up to 25 weeks of age in Vav2™ Vav3™~ mice (n=200). The vertical
axis is a cumuiative percentage of Vavz™ Vav3™~ mice with
enlargement of the eyes.

doi:10.1371/journal.pone.0009050.g001
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- Reliable. measurement of IOP before 4 chks of age was not
‘possible. ‘At 6 wceks of age, Va2~ =~ Va3 ™!
= mcreased IOP (18 2+3:1 vs. 14 0+2.4 mmHg, p<<0.05);, with

’ y dlﬁ"erence in IOP between the Vav2 '~ Va3~
'mice at all time pomts demonstrated. The phenotype of littermate
- owild type mice ‘was 1dentlca1 to- that of the “inbxed” CS7BL/ 6

-~ strain (Figure Sl)

12 weeks. In contrast, the IOP of Vau3™/~

Glaucoma in Vav-Deficient Mice

neuropathy characterized By's:elet:tive‘loss of retinal ‘gangliéﬁ cells . old Evenmally, some of the eyes became atiophic and phthxsxcal
(RGCs) and optic nerve head (ONH) excavation and is therefore
consistent with glaucoma. In addition; both VAV2 and VAV3 are

in appearance (Figure 1A). In order to confirm our initial
observations, we measured the corneal diameters and weights of
Vav?™" " Vav3™’~ mice eyes and compared them with age-
matched wild-type mice eyes (Figure 1B). The examination
clearly showed our observations were relevant, We observed 200
“mice at 6 months of age and almiost 75%- of

them showed the enlarged eyes (Figure 1C). In addition,

histological study indicated that there were no abnormal findings
in the tissues both around the enlarged eyes such as inflammation,

tumor, or hyperplasia, and in the thyroid of the Vas2™ /™ Vau3~’~
mice (data not shown)

5 Elevation of lntraocular Pressure of Vav-Deﬁcnent Mtce

CAs we observed the development of buphth: lmos, ‘we assessed
for elevatcd IOP in Vau2~ '~ Va3~ '™, Vav- dcﬁcxent (Vav? 7,
and Vav3 eﬁcxent (Vav3~™"7) mice. IOP was: ‘measured 1 using a
rodent tonometer (Tonolab) ‘starting at 4 weeks post»natal and

er ‘compared with - age-matched wild-type C57BL/6 mice.

mice first showed

further increases out to 10 weeks of age 22.5£7.4 wvs.
14. 6£4.2 mmHg, p<0 01) (Figure 2A).. IOP measurements in
Vav2 ™/~ Vav3~’~ mice ranged from 11—40 mmHg between 7
wecks and 16 ‘weeks of age. There was a statlstxcally significant
/" and . wild-type

In Vaz2™’™ mice, clevatcd IOP was first dctected at 7 wccks of
age. The IOP for Vav2™’~ mice was found to be increased at 8
weeks of age compared to wild-type mice (15.5%3.7 wvs.

14.0+4.2 mmHg, p<0.05)(Figure 2B). The IOP of Va2~ /™ mice
showed further increases at 10 wecks of age (18.1%3.7 wvs.

14.6+4.2 mmHg, p<0.01) and remained sxgmﬁcantly ‘higher at
mice did not differ
significantly- from wild-type mice between 8 and 12 weeks
(Figure 2C). The phenotype of littermate wild type mice was
identical to that of inbred stramn “C57BL/6”. We also demonstrated
that the phenotype of Vav2 and Vav3 heterozygous littermate mice
(Vav2"'™, and Vau3"' ™) were same as that of wild type (Figure S1).

Retinal Ganglion Cell Loss and Optic Nerve Head
Changes in Vav2/Vav3-Deficient Mice

We next examined whether Vav2/Vav3-deficient (Van2™’~
Vav3™’7) mice showed changes in the retinal ganglion cell

: (RGC) layer and. optlc nerve head (ONH). At 3 weeks of age,

Vav2™' ™ Vau3™’~ micé did not show any histological difference in

-~ the. ONH or the number of RGCs compared to that of age-

matched wild-type mice (Figure 3A). At 10 weeks of age, following
several weeks of IOP elevation, early signs of ONH cu, /ppmg and
cell body loss in the RGC layer were apparent in Vav2™’ ™ Vav3 ™/~
mice (Figure 3B). At 15 and 30 weeks of age, Vav2™/~ Vav3™'~
mice showed further evidence of ONH cupping and RGC loss in
the context of an otherwise normal retinal architecture. These
findings are consistent with a selective loss of RGCs with
corresponding changes in the ONH, which are the hallmarks of
glaucoma.

Qv only B AHES

- Iridocorneal Annln Histopathaology in Vav-Deficient Mice

3lOpalnis

As hzstopathologxcal examination of globes from mice with
buphthalmos frequently demonstrated angle closure, we compared
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Figure 2. Elevated intraocular pressure of Vay2™ Vav3™  and -

Vav2™" mice. The intraocular pressure (I0P) of Vav2/Vav3-deficient

(Vav2™""Vav3™'7), Vav2-deficient (Vav2 ™), andVav3deﬁcxent(Vav3" )

mice were measured between 10-12 AM. At the indicated ages, twenty
mice were examined, respectively. For the I0P measurement of each
Vav-deficient mouse, I0P of an age-matched wild-type (WT) mouse was
also measured under the same conditions. We confirmed that these
results were reproducible with four independent examinations. A. OPs of
Yav2™/"Vav3™'~ mice were dramatically elevated at 6 weeks of age. B.
Vav2™/~ mice also showed elevated 10P from around 8 weeks of age. C.
Vav3~/~ mice have normal range of JOP at any age. Error bars represent
S.D. *P<0.05, **P<<0.01 versus WT mice.

doi:10.1371/journal.pone.00069050.g002

the iridocorneal angle histology of 20 Vav2/Vav3-deficient
(Vav2™' ™ Vav3™'") mice with wild-type mice at both 7 and 12
weeks of age. Angles were classified as either being completely
open, displaying evidence of partial occlusion of the trabecular
“meshwork (TM) ‘as manifest by peripheral anterior synechiae
(PAS), or being completely closed (total occlusion of the trabecular
" meshwork)(Figure 4A). Over half of the Vav2/Vav3-deficient mice
already showed evidence of angle closure by 7 weeks of age,
increasing to nearly 80% in 12-week-old mice (Figure 4B).

We also exarmmed the correlation between elevated IOP and
angle changes in 7-week-old Vap2™ /" Vav3™’" mice respectvely
(n = 20) (Figure S2). The mean and standard deviation of IOP m
7-week-old wild-iype mice (n=18) were 13.7%3 12 mmHg
respectively. The 95th percentile of those IOPs using a normal

@ PLOS ONE | www.plosone.org

while Va2~ ' Va3~
-either open angles or evidence of early angle closure (PAS) and
~-angle closure.

Glaucama in Vav-Deficient Mice

curve was 18.8 mmHEg. So that IOP over 18.8 mmHg was

.regarded as elevated IOP. Van2™ =/ Va3’ mice with clevated

IOP showed evzdcncc of angle closure by histological analysis,
/=~ mice with non-elevated IOP displayed

In addition, to characterize the progression of angle changes,

“two additional ume points were added to this analysis of the
. iridocorneal angle —18 days and 4 weeks of age (n =20 each).
' While at 18 days of age nearly half of the eyes demonstrated open
~ angles, ‘a large percentage already showed evxdcnce ‘of PAS
- (Figure 4B). By 4 weeks of age, Vao2™/ " Vavs™/

_ increasing frequencies of both PAS and angle closure. Taken as a

- whole, the data showed a gradual progression from open angles to
" PAS formation to closed angle from 18 days to 12 weeks.

mice showed

The ir zdocorneal angles of Vav2-deficient (Vav2™’ ™) and Vav3-
deficient (Vau5 ™/ ") mice were examined histologically and graded
in a similar manner. The iridocorneal angles of Vap2™ ™ mice also

" demonstrated evidence of progresswc angic closure, but to a lesser
‘extent as comparcd with Va2~ "™ Va3~

/" ‘mice (Figure 4B).
Vav3™’" mice had normal appearing open angles without
evidence of PAS formation or angle closure (Figure 4B).-

In order to better mvestxgate the status of iridocorneal angles in
Vav2™’ " Vaw3™’™ mice, we stained for myocilin as a marker for

- TM cells, as myocilin is strongly expressed in TM cells [17]. We

cxammcd 7-week-old Vav2™ "~ Vav3™’~ mice with non-elevated
1OP who had cither’ open angles or who displayed evidence of
angle closure. As shown in Figure S3, myocilin was not detected in
the iridocorneal angle of Va2~ = Vaw3™’~ mice with angle

~closure, but-was seen in mice with open angles similar to those
. of wild-type mice.

Effects of Ocular Hypotensives in Vav2/Vav3 -Deficient

- Mice

‘We next tested the efficacy of ocular hypotensives used for
human glaucoma in Vav2 ™'~ Vas3 ™™ mice with elevated IOP
(Figure $4). The elevated IOP of 7-week-old Vav2™ "~ Va3~ mice
was dramatically reduced by ocular hypotensives used in humans,

* such as latanoprost, a p;ostaglandm analogue (’F1gurc S4A). We

also tested the IOP-lowering cffect in Va2’ ™ Vasd™' ™ mice by
two other ocular hypotensives, dorzolamide and timolol, whose
mechanisms of action differ from that of latanoprost [18-20],
being aqueous suppressants (Figure S4B). Furthermore, we tested
Y-27632, a Rho-associated protem kinase inhibitor, that has been
reported to cause a reduction m IOP presumably by altering cellular
behavior of TM cells 21—23] Y 27632 showed no effect of lowering
I0Ps against Vav2 ' Vavd '~ mice, while it lowered the IOP
significantly in age-matched wild-type mice (Figure S4C).

Expression of Vav2 and Vav3 in Mouse and Human Eyes

In order to understand the pathogenesis of the Vav2/Vav3-
deficient eye phenotype, we examined the mRINA and protein
expression patterns of Vav2 and Vav3 in the eye (Figure 5).
Quantitatve real-time PCR revealed that Vav2 and Vav3 mRNA
are expressed m TM, cornea, retina, lens, iris, and ciliary body in
the mouse eye (Figure 5A). Vav3 mRNA was more abundantly
expressed than that of Vav2 in the TM and the retina. Gene
expression levels of both Vav2 and Vav3 in the eye were
comparable to levels found m immune cells where Vavs play a
critical role [5,7-16]. Next, the Vav2 and Vavd mRNA
localization in mouse eye was examined by in situ hybridization
(ISH) analysis (Figure 5B). Both Vav2 and Vav3 oligo probes
(antisense), we used here, have been examined the specificites
before and proved to have 1its specificity As negatwve controls for

February 2010 | Volume 5 | Issue 2 { e9050
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Figure 3. Optic nerve head degeneration and decrease in RGCs observed in Vav2™ ~Vav3™/~ mice with elevated IOP. Light-microscopic
- histological examination is conducted to evaluate retinal neuropathy in Vav2/Vav3-deficient (Vav2™~Vav3™") mice. A. At the age of 3 weeks, Vav2="~
Vav3~" mice exhibited impairment of angle status, but no abnormal findings of Optic nerve head degeneration (ONH) or retinal ganglion cells (RGCs) in

the retinas. Scale bars, from left to right side: 500 pm, 100 pm, and 50 pm.

upper panel, ONH in 10~ 15~ and 30-week-old Vav2™'~Vav3™"

B. After elevation of IOP, compared to control wild-type (WT) mice in the
~ mice present so-called capping (shown in ¢) and thin retinal neural layers (indicated by

arrows in the photos). In those retinas, RGCs are decreased. Scale bars, from left to right side: 500 pm, 100 pm, and 50 pm. Sections are representative

from 6-12'samples.
doi:10.1371/journal.pone.0009050.9003

these experiments, we used sense probes of Vav2 and Vav3,
respectively, which showed no detectable signal (Figure 85). Both
genes expression were widely distributed in the ocular tissues
including the widocorneal angle, retina, cornea, and sclera. The
co- localization of Vav2 and Vav3 mRNA expression m
iridocorneal angle, such as TM, was confirmed by ISH. Also,
we assessed Vav2 and Vav3 protein expression by immunoblotting
in both mouse and human eyes (Figure 5C). In mouse eyes,
expression of both Vav2 and Vav3 was demonstrated in several
ocular tissues including the iridocorneal angle, retina, cornea, and
sclera. Both Vav2 and Vav3 proteins were also expressed in

@ PLoS ONE | www.plosone.org

human retina and iridocorneal angle. The migrated bands were
absent in the liver extracts of the Va2~ Vav3™’™ mice. Results
of densitometric ratio (Vav3/Vav2) from normalized protein
loading 1 each lane revealed that Vav3 was more abundantly
expressed than Vav2 in the iridocorneal angle tissues of both
mouse and human eyes and also in the retina.

Single Nucleotide Polymorphisms in Japanese Primary
Open-Ang!e Glaucoma Patients

SLLONG Toute e

We observed Vav2 and Vav3 proteins expression in the tissues
of human iridocorneal angle and retina. In order to investigate the

February 2010 ] Volume 5 | Issue 2 | e9050
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Figure 4. Characterization of progressive iridocorneal angle closures in Vav2™ Vav3~'~ and VavZ™'~ mice. The aqueous humor outflow
facility, trabecular meshwork {TM) and Schlemm’s canal (SC) {iridocornial angle) in Vav2/Vav3-deficient (Vav2™" Vav3™/") mice are evaluated in
histological manner. Vav2-deficient {Vav2™'") mice also have the same changes, but of lower severity. A. Representative photos of normal TM and 5C
histology of 12-week-old wild-type (WT) mice as a control. Representative photos of normal open angle, peripheral anterior synechiae (PAS) in 12-
week-old Vav2™ Vav3 ™™ mice, and angle closure status in 12-week-old Vav2™~Vav3™'" mice. Sections used here are all representative from 20
samples. Scale bars: left photos, 200 pmy; right photos, 100 pm. B. Changes of angle status appear at the early ages. We classify angle status of Vav2 ™/~
Vav3™'~, Vav2™'", and Vav3 ™/~ mice into open angle, PAS, and angle closure by histological evaluation. We find the changes of angle status at the early

ages, such as in 18-day-old Vav2™"Vav3™™ mice (n=20) and in 4-week-old of Vav2™ "Vav3" ~ mice (n=20). We took four (Vav2

~~Vav3™") and three

(Vav2™, Vav3™'") different age groups, with 20 mice examined, respectively.

doi:10.1371/journal.pone.0009050.g004

relevant association of VAVZ and VAV3 m human glaucoma
‘patients, we carried out a genome-wide association study using the
Affymetrix GeneChip Human Mapping 500 K Array Set. We
“examined Japanese primary open—angle glaucoma (POAG) cases
and age-matched non-glaucoma controls. Both VAV2 and VAV3
loci in Japanese POAG patients showed SNPs agamst the non-
‘glaucoma  controls for dbSNPs rs2156323 and 152801219,
respectively. We reported the most extreme (Table 1). Both were
intronic SNPs, SNP 152156323 lying in intron3 of VAV2 and SNP
152801219 lying in intronl of VAV3Z. VAV2 SNP rs2156323 in
particular indicated significant association with Japanese POAG,

'@ PLoS ONE | www.plosone.org

including a 5.65 heterozygote odds ratio (95% confidence interval
(CI): 1.99-16.0), 4.34 heterozygote relative risk (95% CI: 1.72—
10.44) and 4.38x10™* genotypic P value with respect to risk allele
A. o : -

Judging from allenc P-values distribution for detectmg VAV2
ranking and genotypic P- values distribution for VAV3 ranking, we
observed that VAVZ and VAV3 showed high scores (—logiofB)
among approximately 380,000 SNPs analyzed m this. study
(Figure 6). On the contrary, V4VI showed no association with
the POAG. These data strongly suggest that VAV2 and VAV3
genes are susceptibility loci i Japanese POAG.

February 2010 | Volume 5 | Issue 2 { €9050
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Table 1. Vav2, Vav3, Vav1 association study for POAG using the Affymetrix GeneChip. .

5.65 (1.99-16.0)

Not Available: -

SNP type

4.41x1072

2.03(1.01-4.09). 1.04 (0.52-2.08)

Not:Available .

"1. intronic S.
doi:10.1371/journal.pone.0009050.t001

Discussion

To our knowledge, this is the first report of a spontaneous

progressive iridocorneal angle changes and elevation of IOP in
mice. Subsequent selective loss of RGCs and progressive ONH
cupping are associated with this elevated IOP, as has previously
been demonstrated in other rodent models of glaucoma [24]. The
finding that Vav2-deficiency alone results in a glaucoma
phenotype suggests. that the absence of Vav2 plays a critical role
in the development of this phenotype. Despite our finding that
Vav3-deficiency did not result in either iridocorneal angle changes
or elevated IOP, the more severe  glaucomatous phenotype
demonstrated in  Vaw2™ ' Vau3™/” mice ‘as compared with
Vav2~’" mice is consistent with an additive effect. :

A number of induced glaucoma models have been established in
rats and mice [24]. Each model has advantages and disadvantages,
related to factors such as the ease of inducing elevated IOP, the
magnitude, duration and variability of eclevated IOP, and
secondary effects on the eye. Due to the ease of genetic
manipulation, mouse models are becoming increasingly popular

- over those in rats. Despite the lack of a lamina cribosa as found in

human eyes, the mouse is a good genetic model to study the
pathogenesis - of human glaucoma as aqueous physiology and
anterior segment anatomy are similar to that found in humans

[25). :

* Other spontaneous models of glaucoma have been described in_
mice, most notably in DBA/2J mice. The pigmentary glaucoma

phenotype demonstrated in the DBA/2J mice has been extensively
studied at genetic, clinical, morphological and pathological levels
[26-29]. A limitation of this model is that the elevated IOP
phenotype is not primary but secondary due to the systemic
pigment dispersion syndrome with the associated mutations in the
Gpnmb and Tprpl loci [26-30]. In these mice, recessive mutations
in these 2 genes are associated with iris degeneration characterized
by iris stromal atrophy and pigment dispersion with subsequent
reduced outflow facility secondary to pigment and cell debris.
Therefore, it is difficult to tiein the identified mutations to the
pathogenesis of any primary form of human glancoma.

The Vav2/Vav3-deficient mouse has several characteristics
which make 1t particularly useful as an animal glaucoma model.

@ PLOS ONE | www.plosone.org

The elevated 0P :kdc‘cjuirsk‘~spontancously in' these genetically

‘manipulated mice and does not require the ocular manipulation
Al . necessary in induced models. The frequency of the ocular
glaucoma phenotype in Vav2 (Vaw2™’7) or Vav2/Vav3-deficient ~ .
(Vav2™~ Vav3™’ ™) mice. Vav2/Vav3-deficiency is associated with'

phenotype is high and onset occurs at a relatively young age. In

* addition, ocular hypotensives commonly used to treat human

glaucoma show efficacy in lowering IOP in this model. The most
significant advantage of this mouse glaucoma model is that the
deleted genes, Vav2 and Vav3, are well-focused targets that have
been studied over 20 years providing a useful starting point for
further investigation of the potential molecular mechanisms
underlying this phenotype. .

Several aspects of this model of spontancous glaucoma will
require further study and clarification, although we speculated

" from our histological results and the correlation between elevated

IOP and angle status changes that anatomic angle closure is the

_possible mechanism for elevated IOP in this’ model. While
“progressive angle closure may be' the etiology prior to elevated

TOP in mice lacking Vav2 and Vav3 function, it may alternatively
be a subsequent change related to other alterations in angle
structures which might also affect aqueous humor outflow. In
addition, since the expression of Vav2 and Vav3 was detected in
ocular tissues other than those comprising the iridocorneal angle, it
will be necessary in future studies to consider how their deficiency
in these tissues might have potentially contributed” to the
spontaneous glaucoma phenotype in‘a‘ny way. .

While so far there are several reports of glaucoma associated
candidate genes based on the single nucleotide polymorphisms
(SNPs) study in the Japanese population [31-36], our data first
suggest that VAV2 and VAV3 are susceptibility loci in Japanese
primary open—angle glaucoma (POAG) cases. In addition, so far we
could not find the report of non-Japanese glaucoma association case
study that demonstrated VAV2 and/or VAV3 as candidate gene loci
for glaucoma [37—43]. They demonstrated glaucoma associated
candidate genes study with SNPs analysis focusing on the other
specific target genes, although we are interested in the VAV2 and/or
VAV3 glaucoma association study using the different populations.
This work would be important investigation to be done.

Although our current findings do not address the molecular
mechanisms underlying glaucoma phenotypes, it is interesting to

consider possible mechanisms based on what is currently known

about Vav protein function. The TM has been regarded as a key
determinant of IOP and has been implicated as the major site of

February 2010 | Volume 5 | Issue 2 | e9050
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Figure 5. Vav2 and Vav3 expression in mouse and human eyes. A. Quantitative real time PCR analysis is performed for Vav2 and Vav3 mRNA
expression study. The vertical axis is the copy number of Vav2 or Vav3 mRNA when that of mGAPDH is taken as 1. The assay method is absolute
quantification (standard curve). a. Both Vav2 and Vav3 mRNA are expressed in all tissues of the murine eyes including the trabecular meshwork (TM),
cornea, sclera, and retina. b. Vav2 and Vav3 mRNA expression level of murine immune cells. The levels of Vav2 and Vav3 expression in eye tissues are
the same as those of the immune cells where Vav2 and Vav3 play the critical role. B. a. In situ hybridization analysis of emu!suon-dmped sections
display the distribution of Vav2 and Vav3 mRNA in the anterior chamber. The localization of Vav2 and Vav3 mRNA in trabecular meshwork(TM), ciliary
body (CB), comia(CO), iris(in), sclera (Scl) and retina(Re) by in situ hybridization. b, Vav2 and Vav3 mRNA expression are both detected in iridocorneal
angle, such as TM (indicated by arrows in the photos). Scale bars, 50 um. €. Expression of Vav2 and Vav3 proteins in mouse (a) and human (b) eyes.
Vav2 and Vav3 proteins were detected in mouse or human ocular extracts (from two independent postmortem eye globe samples; at death age of 58
(1) and 87 (2)) by western blotting. Densitometric ratios {Vav3/Vav2) were shown under the blotting panels. miCA: mouse iridocorneal angle tissues,
mR: mouse retina, mR’; 3-fold increased loading mouse retina, mC: mouse cornea, mS: mouse sclera, mLiv: normal mouse liver(positive control), KO:
Vav2/Vav3-deficient mouse as a negative control, hiCA: human iridocorneal angle tsssue,hm human retina 1, hR1": human retinal’ (3-fold loading).
doi:10.1371/journal.pone.0009050.g005
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doi:10.1371/journal.pone.0009050.9006

increased resistance to aqueous outflow which occurs in human

glaucoma [44,45]. Recent findings indicate that sxgnals em

from integrins, key regulators of the actin cytoskeleton in trabecular
meshwork cells, may be involved in control of outflow facxhty and

Rho GTPases would be important downstream effectors of integrin-
mediated actin cytoskeletal dynamics [4,46—48]. Considering the
Vavs function as GEF, dysregulation of Rho is one "possible
mechanism by which pathology in the iridocorneal angle mlght
result and is one that deserves further study.

In summary, we had demonstrated that Vav2/Vav3-deicient mice
develop a spontaneous glaucoma phenotype. In addition, our data first
suggest that VA2 and VAV3 are susceptbility loci mjapancse primary
open-angle glaucoma (POAG) cases. We believe that Vav2/Vav3—
deficient mice will serve not only as a uscful murine model of

spontaneous glaucoma, but may also provide a valuable tool in .

understanding of the pathogenesis of glaucomna in humans, particularly
the determinants of altered aqueous outflow and elevated IOP.

Materials and Methods
Mice

Vav3™'", Vav2™’~ and Vav2™" ™ Vav3™"™ mice were described
previcusly [15]. Mice were backcrossed at least 9 times with
C57BL/6 mice (Clea Japan, Tokyo, Japan) to have the C57BL/6

background. All mice used in these experiments were bred and
maintained in the SPF Facility of Hokkaido University Graduate |

School of Medicine in a 12-hour lght-dark cycle. All mice
experiments were approved by the Animal Ethics Committee of
Hokkaido University Graduate School of Medicine and were
conducted in accordance with the ARVO Statement for the Use of
Ammals in Ophtha]mlc and Vision Rcscarch ‘

Tissue Prepar‘at:on and H|st0109y‘

Eyes were qmckly enucleated from edach age group of knock-out
mice and C57BL/6 wxld-type control mice after deep anesthesia
with: pentobarbital sodium solution, then mmmediately fixed with
solution of 2.5% glutaraldehyde (TAAB, EM Grade) in 10%
formalin neutral buffer-methanol solution deodorized for anterior

chamber study, or fixed with Davidson’ solution for retinal analysis

for 12 hours. Following this, the eyes were embedded in paraffin
and dissected sagittally using a microtome into 5 pm sections.

@ PLOS ONE | www.plosone.org

Immunoh:stochemlstry

ertical axis is =1og10 (P) and the honzontal axis is SNPs order which showed
nof VAV2 analysis and the lower graphiis genotyplc P-values for VAV3 and

osition in. rank. VAV1 shows no association for POAG cases here.

ctions were stained

The eyes were sectioned at 5 pm t}uckncss along the vertical
meridian through the optic nerve head. After deparaffinization and
rehydration, the tissue sections were incubated with blocking solution
containing 1% BSA in PBS for 1 hour. This was followed by 1 hour

“incubation thh rabbnt polyclonal antibody to myocilin at 1:200 in

blocking solution as first antibody for 1 hour at room temperature.
Anti-rabbit IgG conjugated with Alexa 488 (Molecular Probes,

- Eugene, OR) at'1:400 in PBS containing 0.1% Tween 20 was used as

secondary antlbody for 1 Hour at room temperature. The stained
tissues were examined using confocal fluorescence laser microscope
(Radius 2000, Bio-Rad, Hercules, CA). For negative control of the
immunohistochemical staining, the sections were incubated with
blockmg soluuon without primary antibody (data not shown)

‘Real Time PCR:

- Fach txssue was ﬂ‘cshly taken from SPF level G57BL/6 mice and
xmmcdlatelyk ‘used for generating RNA by TRIzol reagent

(Invitrogen). Templates for real time PCR were made by Cloned

AMV Reverse Transcriptase (Invitrogen). Probes of mVav2 and
mVav3 were TagMan probes (Vav2: Mm00437287_ml, Vav3:
Mmi00445082. m1) purchased from Applied Biosystems (Foster
city, CA). The standard. ciirves were constructed by mVav2,
mVav3 inserted plasmids, normalized by mGAPDH (Product
Code: 4352339E, Applied Biosystems). All the PCR studies were
performed by Applied Biosystems 7500 Real Time PCR System

_ following the manufacturer’s recommended procedures. The assay

method was absolutc quantifi ication (standard cuirve).

“In Situ Hybndlzat:on k

The detailed procedure was described as prevxously [49] Bneﬂy, to
detect mRNAs for Vav2 and Vav3, specific antisense oligonucleotide
probes were synthesizedas follows: (2275-2319; 45mers)5'—AGCTG~
GAGACCGGCTTGAGGCC CTGCTGGTGG'ITCGCTCCCG-
AGA-3' for Vav2 mRNA (Gana.nk accession No. NM_009500) and
(2346-2302;45mers)5'-GTTGCCTGTTCTATTACCCCTCTG T
CCAGCTGGCTGTTCTGGCTC-3' for Vav3 mRNA. (accession
No. NM_020505). Oligonucleotide probes were labeled with [33P]
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dATP using terminal deoxyribonucleotidyl transferase (Invitrogen,
Carlsbad, CA). Under deep pentobarbital anesthesia, the eyeballs were
freshly obtained from Adult C57BL/6J mice. Fresh frozen sections
(20 pm  thickness) were cut with a cryostat (CM1900, Leica,
Nussloch,Germany) and mounted on glass slides precoated with 3-
aminopropyltriethoxysilane. Sections were exposed to Nuclear Track
emulsion (NTB-2, Kodak) for 5 weeks. Emulsion-dipped sections were
stained with methyl green pyronine solution. The specificity. of the
hybridizing signals was verified by the disappearance of signals when
hybridization was carried out with sense probes.

Western Blotting

Mouse Ocular Tissue Dissection: 8-week male C57BL/6] mice
{Jackson Laboratory, ME) were used for ocular tissue samples. The
animals were -euthanized by carbon dioxide inhalation in an
incduction chamber The globes were promptly enucleated after
cuthanization and washed in ice-cold PBS. Ocular tissues were
microscopically dissected. Dissection of Postmortemn Human Eye
Globes: Human eyes without previous eye diseases including
glaucoma were acquired from a local eye bank (Heartland Lions
Eye Banks; Columbia, MO) wathin 6 hours - post-mortem.
Dissected mouse and postmortern human ocular tissues were
lysed in a tissue extraction buffer (BioChain, .CA). The
concentration of protein supernatants was determined by a
protein assay kit (Bio-Rad, CA). Rabbit polyclonal anti-mouse
Vav2 (1:1000) (Santa Cruz Biotechnology, CA), monoclonal anti-
human Vav2 (1:2000) (Cell Signaling Technology, MA), poly-
clonal anti-mouse and anti-human Vav3 (1:3000 for each)
(Millipore, CA) antibodies were used for detection.

Intraocular Pressure (IOP) Measurement

IOP was measured using the TonoLab rebound tonometer for
rodents (Tiolat i-care, Finland) according to the manufacturer’s
recommended procedures. Al JIOP measurements were performed
between 10 AM and noon in conscious condition. Mice were
gently restrained first by hand and placed on a soft towel bed on
the desk and usually appeared calm and comfortable. These data
were confirmed to be reproducible by three additional different
independent studies (n = 20).

Evaluation of Eye Drop Medications for High Intra-Ocular
Pressure of Vav2Vav3-Deficient Mice

Vav2™ " Vav3™'™ mice were housed in SPF barrier facility in
standard lighting conditions (12-hour light-dark cycle). The 7-9
week after birth mice were used for the experiment. Four
independent experiments were carried out to confirm the results
reproducible.

Preparation and Application of Ophthalmic Solution
Latanoprost was purchased from Cayman Chemical Co. (Ann
Arbor, MI) and dissolved in its vehicle solution (0.02% benzalk-
onium chloride, 0.5% monosodium phosphate monohydrate,
0.6% disodium hydrogen phosphate dihydrate and 0.4% sodium
chloride). With a micropipette, 3 pl of PG analogue (latanoprost;
prostaglandin F20) solution or vehicle was randomly applied to the
eyes of Vav2™ '~ Vaw3™’ mice. Before admmistration, IOP was
measured with the tonometer from 10-12 AM and then the PG
analogue 0.005% 3 pl or vehicle solution was applied in a masked
manner. Evaluation of IOP-lowering effect was performed by
measuring the IOP with the tonometer at 3 hours after drug
mstillation also 1 a masked manner. Furthermore, two different
mechanistic medications, 3 pl of timolol maleate (0.5%, Merck,
Whitehouse Station, NJ) or 3 pl of dorzolamide hydrochloride

@ PLoS ONE | www.plosone.org

(1%, Trusopt;

Glaucoma in Vav-Deficient Mice

Merck), was also tested, respectively, after
measuring the IOP under the same conditions as those of the
Latanoprost application. Evaluation of IOP-lowering effects was
performed by measuring the IOP with tonometer at 2 hours after
drug instillation under blinded test protocols. Y-27632 was
purchased from Carbiochem (La Jolla, CA) and dissolved in its

~vehicle solution (phosphatekkbuﬂ'ered saline). Y-27632 (1 mM) or

vehicle solution was administered to the central cornea as a 3 ul
drop by pipetting in ‘a masked manner. Evaluation of IOP-

Jlowering effect was performed by measuring the IOP with the
tonometer at 1 hour after drug instillation.

\nalysis of 10Ps
Data are reported as means = S.D. Two-tailed Student’s t-test

Statistical A

~was used to compare between two groups of results. Differences

between any two groups were regarded as sxgmﬁcant ‘when

P<0.01(*) or P<0.05 (¥).

Disease Associated Genome-Wide Analysis
One hundred clinically-diagnosed cases (male 46; female 54)

with primary open-angle glaucoma over 30 years of age (mean

age, 71.60 years; SD, 9.33 years) and non-glaucoma age-matched
controls (mean age, 66.71 years; SD, 12.00 years) in a Japanese
population were examined for this study Informed consent was
obtained from all participants, and the procedures used conformed
to the tenets of the Declaration of Helsmki. Genormic DNAs were
isolated from the perpheral blood of the POAG cases and age-
matched controls for genotyping analysis. Genotyping was
performed using the Affymetrix GeneChip Human Mapping
500 K Array Set (Affymetrix Services Laboratory, California). We
omitted the SNP data under an 85% call rate, under 0.001 Hardy-
Weinberg equilibrium (HWE), and under 5% minor allele
frequency. Data analysis was performed using the LaboServer
System (World Fusion, Tokyo Japan). An allelic frequency ¥ test
and genotypic frequency ¥~ test were calculated, respectively with
respect to risk allele. The Odds ratio was calculated in three
manners such as per allele odds ratio, heterozygote odds ratio, and
homozygote odds ratio. Relative risk was also calculated, the same
as for the odds ratio. The most significant SNPs were chosen in
this report to evaluate the association of VAV2, VAV3, and VAVI n
the cases.

Supporting Information

Figure S1 The comparison of intraocular pressures in age
matched wild-type mbred C57BL/6 mice, wild-type littermate
controls, and Vav2 and Vav3 heterozygous mice (Vav2*'~, and
Vav3™ 7). Intraocular pressures (IOPs) were measured usmg the
TonoLab rebound tonometer for rodents from 6-week to 12-week,
as described in the Methods. The phenotype of littermate wild-
type mice was identical to that of the “inbred” C57BL/6 strain.
The phenotype of Vav2 and Vav3 heterozygous mice were similar
to that of wild-type. n=20.

Found at: doi:10.1371/journal.pone.0009050. sOOl (0.45 MB TIF)

Figure S2 The correlation hetween elevated IOP and angle

changes m Vav2/Vav3-deficient mice. The IOP was measured in

T-week-old  Vav2/Vav3-deficient  (Vav2™/"Vav3™’™) muice
(n=20), followed by examination of the angle status by histology
While Vav2™ Vav3™’” mice with elevated IOP displayed
histological evidence of angle closure, mice without elevated IOP
showed either normal open angles or evidence of angle changes,
angle closure or peripheral anterior symechiae. The mean and
standard deviation of IOP in wild-type mice at 7-week-old (n = 18)
were 13.7+3.12 mmHg, respectively. The 95th percentile of those
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IOPs using a normal curve was 18.8 mmHg IOP over
18.8 mmHg was regarded here as elevated IOP.
Found at: doi:10.1371/journal pone.0009050.5002 (0.57 MB- TIF)

Figure S3 Antl-myocxlm staining . of trabecul_a_r meshwork in
Vav2/Vav3-deficient mice. Immunohistochemical staining ~of
trabecular meshwork with anti-myocilin antibody in representative
iridocorneal angle sections of age-matched wxld—type and Vav2/
Vav3-deficient (Vav2 ™" Vav3™" ") 7-week-old mice w1th normal
IOP, with either evidence of angle closure, or normal open angles
similar to wild type mice. Myoc1lm (green-labeled), which s
strongly cxpresscd in TM cells, was regarded as a marker for TM
cells. In Vav2 ™/ "Vav3™/™ mice with angle closure, myocilin was
not detected in the iridocorneal angle (mdxcated by arrows).
Conversely, it was detected in sections from mniice with normal
open angles, similar to those in wild type micé. Blue ﬂuorcsccncc is

DAPI counter staining. Scale bars, 20 um.,
Found at: doi:10.1371/journal.pone. 0009050.5003 (2.19 MB TIF)

Figure S4 Effects of ocular hypotenswves in Vav2/Vav3-deficient
mice. A. Ocular hypotensives  used . for human glaucoma,
latanoprost, a prostaglandin analogue was tested in 7-week-old
- Vav2/Vav3-deficient (Vav2 ™/~ Vav3™/7) mice with clevated IOP
(n=20). The IOP.was measured 3 hours before and after topical
application of 3 ul of 0.01% latanoprost in a masked manner.
Vehicle was used as a. control. Latanoprost lowered the IOP
significantly in Vav2™/"Vav3~ /= mice (26.3x5. 0 mmHg versus
15.8%5.1 mamHg; n=20), while the IOP was not altered by the
vehicle alone. The latanoprost-induced reduction of IOP in
Vav2™/"Vav3™/ “mice was statistically sxgnlﬁcant (**P<0.01,
n=20). The data shown are representative of three independent
experiments performed. Error bars represent S.D. **P<(0.01
versus vehicle-treated Vav2 ™/ "Vav3™/~ mice. B. Using three
different drugs for lowering IOP, we compared the effects by
percentages of elevated IOP reduction. These data are represen-
tative from three mdependent experiments, respectively (n = 20).
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“‘probes, there was no detectable signal around mouse iridocorneal

angle tissues. TM; trabecular meshwork. Scl; sclera.
Found at: 'doi:10.1371/journal.pone.0009050.s005 (4.14 MB TIF)
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«Optmeurm is a gene linked to amyotrophlc:

Iateral sclerosns, Paget’s dlsease of bone, and

. glaucoma, a major bhndmg dlsease Mutations
‘such- as Glu50Lys' (ESOK) were identified in .
,glaucoma patients. We mvestlgated herein the

mvolvement of ublqultm-proteasome pathway

(UPP) and autophagy, two major routes for

protein clearance, in processmg of optmeurm in
a retinal ganglion cell (RGO model line RGCS
and neuronal PC12 cells It was found ‘that the
‘ endogenous optmeurm level in neuronal cells

© was increased by treatment of proteasomal,

mhlbxtors, but not by autophaglc and lysosomal

inhibitors. Multlple bands ‘immunoreactive to
) antl—ub;qultln were seen in the optmeurm pull
"'down, 1nd1catmg that

‘and E50K optmeurm, ‘the level of proteasome

regulatory Pps subunit (PSMBS, indicative of

proteasome activity) was reduced while that for
autophagy marker
protein 1 hght cham 3 (LC3) was enhanced
compared fo controls.
formation was detected by electron microscopy.
The foci formed after optineurin transfection
were increased upon freatment of an
autophaglc inhibitor, but were decreased by
treatment of an inducer, rapamycin. The level
of optineurin-triggeredhp’optosis was moreover
reduced by rapamycin. The current study thus
provides compelling evidence that in normal
homeostatic  situation, the
endogenous optineurin involves mainly UPP.
When optineurin is upregulated or mutated,
the UPP ‘function is compromised and
autophagy comes into play. A decreased
PSMBS level and an induced autophagy were
also demonstrated in vive in RGCs of ES0K

optmeurm ‘was

mxcrotubule~assoc13ted ‘

Autophagosome

turnover of

1

transgenic mice, validating
relevant the in vitro findings.

~ Glaucoma is one of the leadmg causes of
irreversible blindness worldwide ¢)) charactenzed

by progressive loss of retinal ganghon cells

(RGCs) and axons, and dxstmctxve cupping of the
optic nerve head. ‘The most common form of this
disease, primary open angle glaucoma (POAG) is
genetlcally heterogeneous
suscepttblllty genes  and
environmental factors (1-4). Currently, a total of

14 chromosomal loci, designated as GLClA to
GLCIN, have been linked to POAG. Three ;

candidate genes identified so far include myocﬂm
(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 POAG (5).

Optineurin mutations were noted to vary with

ethnic backgxound (6). The Glu50Lys (E50K) ;

mutation, found in CaucaSIan and Hispanic

populations (6) seems to be associated with a

more progressive and severe disease in NTG
patients (7). Very recently, optmeurm has also

been linked to amyotrophic lateral sclerosxs (ALS

8) and Paget’s disease of bone (9).

The human optineurin gene codes for a 577-

amino acid protein that contains muluple coiled-
coil domains and a C-terminal zinc finger (10).

The optineurin protein from different 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 non-ocular tissues such
as the heart and brain (10) and in ocular tissues
including the retina, trabecular meshwork, and
non-pigmented ciliary epithelium (9). In the retina,

RGCs are immunolabeled with a high intensity (12,

13).

Copyright 2010 by The American Society for Biochemistry and Molecular Biology, Inc.
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Optineurin  shares a 53% amino ‘acid .
homology ~ with - NEMO  (NF-xB essential = -

modulator) and was identified as a NEMO-related
protein (14). Recently, optineurin has been shown
to be a negative regulator of NF-xB (15). Like
NEMO, optineurin has a polyubiquitin binding .

chaperone-mediated -
‘microautophagy. Among. them, macroautophagy
- :(hereafter referred to.as autophagy) is the one
- mediated by the organelle termed autophagosome.
_Chaperone-mediated autophagy involves the direct

- autophagy, and

_translocation of cytosolic proteins across the

region in the sequence “and it binds K-63 linked

polyubiquitinated chains (16). Optmeurm has in
addition been demonstrated to interact with 1tself
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 f0c1
are formed when optmeurm is overexpressed or
E50K mutated (17, 18).

Proper processing of cellular protems is of
“vital importance. In eukaryotxc cells; the ubiquitin-""
proteasome pathway (UPP) and autophagy are two’
major routes for protem clearance (19-21)
Proteasomes’ predominantly degrade, in a specxﬁc
manner, short-lived nuclear and cytosohc proteins. -

The bulk degradation of long-lived cytoplasmlc .

proteins - or organelles is mediated largely by =
autophagy. Proteins can also be degraded through

the autophagy-mdependent endosome—lysosome

system.
Protein degradatlon via UPP is a temporally

‘__‘:controlled and _ tightly .l_egulated _process__that --~pheochremecytema PC12-- ceusl (33,) ~The - - -

involves covalent linking of a single or multiple
molecules of ubiquitin to a target protem The
ubiquitinated protein is then marked for
degradation by the multi-subunit 268 proteasome

complex. The proteolytic core of the complex, the

20S proteasome, contains multlple peptidase
activities  that include  chymotrypsin-like,
postglutamyl peptidase or caspase-like and
trypsin-like activities. Ubiquitination has been
shown to be a pivotal player in regulating 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 aberrant’

proteins. k
Autophagy is an evolutionally conserved

mechanism responsible for the nonselective bulk

degradation of long-lived proteins and cytoplasmic
recycling of organelles during development, tissue
homeostasis, and environmental stress such as
starvation or amino acid depletion (23, 24). There
are three types of autophagy: macroautophagy,

;lysosomal membrane, which requires protein
._.unfolding by chaperone proteins. Microautophagy

involves inward 1nvagmatlon of lysosomal

‘ membrane, which  delivers a small portlon of

cytoplasm into the lysosomal lumen.

_ Autophagy begins with the formation of
) double-membrane bounded autophagosomes (25-

27) whlch then fuse w1th lysosomes  and/or

"endosomes to form autolysosomes. The contents
of autelysosomes are fmally 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

turnover, - cancer cell blology, ‘ agmg,‘ and

neurodegeneratwe disorders (23 28-30). )
In the present investigation, we determmed the

involvement of UPP and autophagy in processmg

" of the endogenous optineurin in RGC5 cells, a

"neuronal cell type recently shown to be of mouse

origin (3 l) and : an establishied model for RGCs (31,
32), as well as neuronal - adrenal
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and E50K mutant protein was also studied to test
the hypothesw, that  similar to f‘fher
neurodegenerative diseases, UPP functlon is
compromlsed and autophagy is induced with
elevated level or mutation of aggregate~prone
optmeurm

EXPERIMENTAL PROCEDURES

Cell lines - RGCS cells were obtained from
the University of Illinois at Chicago,
Ophthalmology departmental core facility,
deposited by Dr. Paul Knepper (34) and originally

from Dr. Neeraj Agarwal, North Texas Health e
-Science Center, Fort Worth, TX (31). PCI2
- cells were purchased from American Type Culture

Collection (Masnassas, VA, USA). The cells were
cultured in serum-containing complete medium as
previously described (18, 35).
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- In some experiments, RGC5 cells were treated

with tumor necrosis factor-o. (TNF-q, .100 ng/ml,
‘R & D Systems, Minneapolis, MN) orinterferon-
v (IFN-y; 20 ng/ml, R & D Systems) for 24 h. Both
have been shown to elevate the level of optineurin

(14, 15, 36). Tetracycline regulated (Tet-on) wild

type - optineurin (OPTNwr)-green - fluorescence
protein (GEP) inducible stable RGCS cell line was
established as previously described (17). Tet-on

inducible .- ESOK - optmeurm (OPTNESGK) GFP.
RGCS5 cell line was in addition created following -
the same. procedures  and. strategies. The only. .

exception was that.the “OPTNwr-GFP  fragment

was replaced with OPTNgsox-GFP during the first

cloning step (17): The cells were maintained. in
DMEM  complete medium with- 10%. Tet. system
- certified fetal bovine serum (Clontech, Mountain

View, CA), essential and nonessential-:amino -

acids, and antibiotics. To induce -expression of
OPTNywr-GFP and OPTNgsex-GFP, ~cells  were
treated for 16 h with doxycycline (DOX, 1 ug/mi)
(Clontech) in DMEM complete médium. ~

- DNA  constructs = - Optineurin - expression .

vectors - pTarget-OPTNyr, pTarget-FLAG-

OPTNywr; pOPTNywr-EGFP, pOPTNwr-DsRed, ‘as

well as pTarget—OPTNgsoK, pOPTNES(;K-GFP 5 and
pOPTNgsox-DsRed were constructed as previously
described ~(18)." Transient- transfection was
performed using lipofectamine LTX -and" Plus
‘reagent (Invitrogen,) for- 20 43 h accordmg to
manufacturer’s protocol. -

Western blotting - To exaniine the effects of
‘various inhibitors 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 dimethylsulfoxide ' (DMSO)" or H,0,"
proteasomal inhibitors ‘lactacystin (LCT, 1 uM)

and epoxomicin (5 pM), autophagic inhibitor 3-

methyladenine (3-MA, 5 mM), lysosomal inhibitor -

NH,CI (1 mM), or autophagic inducer rapamycin

(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
phosphatidyliniosito]l 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 mM, it has no detectable effects on other
proteolytic  pathways (27). NH,Cl is a

lysosomotropic 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 1y51s buffer (250
mM NaCl, 50 mM Tris/HCI, pH7.5, 5 mM EDTA,
0.5% Nonidet P40) supp[emented with protease
inhibitor cocktail (Sigma, St. Louis, MO). Protein
concentration was determined by bicinchoninic
acid protein assay (Pxerce Rockford, IL). Total

vcell lysate was then subjected to sodium dodecyl

sulfate-polyacryianude gel electrophoresw (SDS-

PAGE) under reducing conditions. The proteins
were transferred to nitrocellulose membrane and
the level of endogenous optineurin was. assessed

by Western blottmg using rabbit antl-C—termmal-
optineurin (Cayman Chemical, 1: 1000) The
membrane “was  also 1mmunoblotted with
polyclonal , antx—giyceraldehyde 3-phosphate

dehydrogenase (GAPDH, 1:5000, Trevigen,

Gaithersburg, MD) for loading control.
Immunoreactive protein bands were detected by
chemiluminescence using SuperSignal Substrate
(Pierce). Densitometry was performed. The band
intensity of the endogenousk optmeurm was

. normalized to that of GAPDH.

For levels of proteasome reculatory B5 subunit
(PSMBS5) that is responsible for the chymotrypsm—
like activity of the proteasome (37) and an
established autophagic marker microtubule-
associated protein 1 light chain 3 (LC3) (25),
RGCS5 and PC12 cells were transfected for 20 h
with pTarget empty vector, pTarget-OPTNyy or
pTarget-OPTNgsox. Total lysate was subject to
SDS-PAGE and levels of PSMBS5, LC3, and
GAPDH were assessed by immunoblotting using
polyclonal  rabbit  anti-PSMBS  (Abcam,
Cambridge, MA, 1:1000), monoclonal anti-L.C3
(1:1000, Enzo Life Sciences, Farmingdale, NY),
and rabbit anti-GAPDH (1:5000). '

Immunoprecipitation (IP) - Lysates from
RGCS cells untreated or treated with 1 yM LCT
for 16 h were immunoblotted using polyclonal
anti-optineurin  or = monoclonal anti-ubiquitin

(1:2000, Biomol, Enzo Life Sciences). Lysates

were also immunoprecipitated with rabbit anti-C-
terminal-optineurin 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
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conditions. The ubiquitinated proteins were

detected with mouse antj-ubiquitin antibody.
Fluorescence ‘microscopy  and

immunohistochemistry - RGC5 and PC12 cells -
were transfected for 20 h with pEGFP-N1 (mock :

control), pOPTNWT-EGFP or pOPTNE50K~EGFP

"The cells were subsequently treated for 24 or 48 h
with autophagic inhibitor 3-MA (5 mM) or
overnight with rapamycm @ uM) The ceﬂs were

fixed and images were acquired.

For immunofluorescence, the cells were ﬁxed"r
after transfection or treatments, and single or
double stained with rabbit antl-optmeurm ( 1:100),

rabbit antl—PSMBS (1:100), ‘or rabbit (MBL

- International, Woburn, MA) or mouse anti-LC3
(1:100). FITC-goat anti-rabbit IgG, Cy3-goat antx-"_r ;
" tabbit 1gG, or Cy3-goat anti-mouse IgG (Jackson

ImmunoResearch, West Grove, PA; 1:200) was
used as the secondary antibody. The slides were

mounted in Vectashield (Vector Laboratones '

Burlingame, CA) with

4 6-diamidino-2-
nhenvlmdole (DAPI). : ‘

Photography was carried oﬁt using a 63x oil
objective on an Axioscope (Carl Zeiss

Microlmaging, Thornwood, NY) with the aid of
~ Metamorph ~ “software
Downingtown, PA). In some experiments,

——confoeal- m1croscop1c~analysxswasperformed on- a_,_ﬂuorescencemthroughout the. cell, indicative-.of .. -

Leica SP2 confocal aybléi’ﬂ \LClCd 1\/‘ibr05y5lems,
Bannockburn, IL) using the Leica confocal
software following sequential scanning to
minimize the bleed through. ' '

GFP" reporter assay — To visualize the change
of proteasome 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), pOPTNwr-DsRed, or pOPTNgsox-
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-fluorescent transfected cells was
quantified.

Transmission electron microscopy: RGCS
cells transfected for 20 h to express GFP,

OPTNwr-GFP, or OPTNgsex-GFP were fixed in-

2.5% glutaraldehyde, 2% parafomaldehvﬂp in

(Molecular ~ Devices, "

sodium cacodylate buffer, pH 7.4, postfixed in

osmium tetroxide, 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 transmlssxon electron

) mlcroscope
For lmmunogold cxpenments mdumble cells:

without or with DOX treatment were fixed at 4°C
in 4% paraformaldehyde, 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 ES0K optineurin-GFP)

and mon()clonal anti—LC3 (1 50) The seco‘ndary

Aconjugated goat" antl-rabblt IgG: and 10-nm gold
conjugated .goat an‘u-mouse IgG (1 :25, Jackson

ImmunoResearch). ~

- Apoptosis assay - Apoptos1s 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 " [ER(DEVD),]:~-Cleavage ~of the target.

sequences by - activated enzymes - yields red

m‘mnfoho m‘ﬁvtfv RGCS and PC12 cells cng olasg
chamber slides were transiently transfected for 48
h to express GFP, or wild type or ES50K
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 Vectashield with- DAPI which- stained

nuclei of all transfected and non-transfected cells.

. The total number of DAPI-stained transfected
cells (green) and the number of CR(DEVD)Z—
stained transfectants (dlsplaymg both green and
red fluorescence) in 20 of randomly selected 10x
fields were counted (40). The percentage of
caspase  3/7-positive apoptotic  cells in
approximately 100 transfectants (number of green
and red cell s/numbm of green only cells) was

calculated. The experlments were repeated three

times. Statistical analysis was performed using
Student’s 7 tests. o ,

- Transgenic mice - The E50K transgenic mice
were generated as previously described (41). All the
expetiments using mice were performed in
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accordance -with. the Association for Research in .

Vision and Ophthalmolooy statement for the Use of
Animals in Vision Research.

- The IOP of the fransgenic mice Was measured ;

using- -an - impact-rebound . tonometer .. (Colonal

Medical Supply, Franconia, NH)  and optical-
interferometry = tonometer (FISO Technologies,
Quebec,: Canada). Optic disk ‘imaging and light
microscopic . histopathologic examination -of the
optic nerve were carried out: Paraffin:sections of

retinal tissues were prepared for TUNEL assay (39).

Sections (5 -pm) from 12-month-old normal .and.
transgenic mice were: deparaffinized, -and stained.
-in . ‘parallel -with  hematoxylin ~and - eosin;-

monoclonal anti-TUJ1 (anti-BlIl-tubulin; 1:400,

Covance, Princeton, NJ): to highlight RGC layer

(42), or polyclonal- anti-optineurin (1:100), anti-

PSMBS (1:250); -or anti-LC3 (1:200). Qdot 655 .

goat anti-mouse or rabbit IgG-(1:100,. Invitrogen,

Carlsbad; CA) was used as:the secondary antibody.
The slides were mounted in Vectashield, examined -

- under Axioscope; and - photographed: 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: dissected out
and the tissues were postfixed:in 1% -osmium -
tetroxide, sequentially dehydrated, and embedded’
in Spurr’s resin. Thin sections (90 nm) were cut- -
and stained for examination under IEOL 1200 EX"

transmission electron rmcroscope

RESULTS

Endogenous optineurin level in RGCS and PCI12~

cells. Cells were treated with proteasomal,

autophagic and lysosomal inhibitors. As ‘can be

seen in Fig. 1, the endo’géﬁbus optmeUrm'leVélm
both RGCS5 and PC12 cells was increased by 2-3
fold upon treatment w1th proteasomal inhibitors;
LCT and ‘expoxomicin, but only by 1.1-1. 4 fold
with autophagxc 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 optineuirn.

* staining

. Optineurin is . ubiquitinated. - Lysates from

RGCS 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 = samples (Fig.. 24, left panel).
Meanwhile, LCT treatment, as anticipated, .
resulted in‘an enhanced level of total ubiquitinated .

proteins in cell lysates (Fig. 2A,right panel)..

- Lysates. were in addition: immunoprecipitated -
~with« - polyclonal
- immunoprobed: with .monoclonal: anti-ubiquitin..

~Multiple -bands-immunoreactive. to anti-ubiquitin

‘were ‘observed .in the immunoprecipitated protein

. pool, indicating that the endogenous optineurin in.
RGCS5 cells was ubiquitinated (Fig..2B, left panel).

anti-optineurin - . and

The - intensity of the ubiquitin-positive:bands was
enhanced by prior LCT treatment. The same blot

was also probed with anti-optineurin to verify the.

1P procedure (Fig. 2B; right panel). -

- Optineurin foci formation. After. transfectlon
the overexpressed optineurin-GFP - fusion protein
distributed diffusely:in the cytoplasm of RGC5
and PCI12 cells with. dots or granular structures

‘observed most notably near the nucleus (Fig. 3).
- These structures, referred to as foci, ‘were also
-observed  previously in human retinal pigment

epithelial - (RPE) 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 ESOK-GFP
foci were greater than those of the wild type-(Fig.
3), as-was reported previously in RPE cells (18).

“Reduced ' proteasome activity - in optineurin -
overexpressing cells. RGCS cells transfected for:

20 h to express wild type and ESOK optineurin-

GFP were - immunostained for PSMBS as ‘an

indication of proteasome activity - (37). The
intensity in -green  optineurin~
overexpressing RGCS cells was much reduced
compared to mock controls and non-transfected

cells (Fig. 4A). Western blot analyses indicated
- that the PSMBS 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

to 10 fold upon: transfection of pTarget-wild type

and ESOK optineurin (Fig. 4B). Similar alterations

were also observed in PC 12 cells (data not
shown)
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The cells were subsequently co-transfected

with pOPTNy-DsRed and GFP" reporter plasmid.

- This - ubiquitin - proteasome system  reporter has

been-shown to ‘be degraded in mammalian cells in
" manner (38, 39).

an ' ubiquitin-dependent
Proteasomal inhibitors such as LCT, but not other
~ protease inhibifors, increased the steady state level

of - GFP"  (39). Its' fluorescence readout and
dependence on ubiquitin thus make GFP* a simple-
and reliable tool (30). Results shown in Figs. 4C

. and D revealed that the GFP" greenfluorescence

was “increased, indicating a lowered proteasome
activity in cells transfected with pOPTNy~DsRed
- compared to" those -of ‘DsRed control :and non~
transfected cells.»A" decreased proteasome activity
- was also seen in cells transfected w1th pOPTNgng- ;

~-PsRed (Fig:-4C). - :

Induction - of autophagy “in
overexpressing cells. - Following
transfection, RGC5 (Fig. 5) and PC12 (data not

shown) cells were stained for autophagic marker,:

LC3. The intensity of LC3 staining:in optineurin
- transfected  green cells was found stronger than
that seen:in mock controls' and non-transfected

cells (Fig: SA). Partial colocalization between:

,.opti.neur.in'.foci..and L.C3:staining was-observed. . -
‘LC3 exists in two forms. LC3-1 (18 kDa) is

cytosolic_and: L.C3-II (16 _kDa) is. lipidated

(conjugated - to phosphatldylethanolamme) that

inserts into the membrane. The amount of LC3-II
1is -correlated with the extent of autophagosome
formation: and increasing levels of LC3-1I on
immunoblots: have been used to decument
induction of autophagy (27). In RGC5 cells, the
level of LC3 protein, especially the active LC3-II
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 TNF-o and IFN-y for 24 h. The
optineurin level was increased by approximately 2
fold, as was reported previously (14, 15, 36). Foci

formation was not apparent but the PSMB5 level -

was found reduced by 40 to 60% while the LC3-1I
level was elevated- by 1.9 to 2.5 fold (Fig. 6).
Similar. PSMBS and LC3 alterations. were also
observed in inducible cell lines when wild type
and ESOK optineurin-GFP levels were induced by
10-12 fold and foci were formed upon DOX
treatment (data not shown). It is of note that the

: optzneurm‘
optineurin

ntransfectants (Fig. 8B),
woverexpressed optineurin was cleared, at least in

overexpressed or upregulated optineurin levels
seen in Figs 4-6 are not the expression levels, but
rather the stationary state levels set by expression
and degradation. The resulting level depends not
only on the translational 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 10X,
but could be regulated . somewhat by the
autophagic degradation process. :

* Furthermore,
electron-light * double- or
autophagesome-: and autolysosome-like. structures
or vesicles (43, 44) were prominently observed by
electron ~microscopy  in -RGC5: cells- : after
optineurin . transfection (Fig. 7A, a-c). These

~structures were rarely detected-in' GFP control (Fig.

7Ad) and non-transfected (data not shawn)cells. "

- Autophagosome-like - structures - were - also
observed in inducible wild type (data not shown)-
and ESOK (Fig. 7B, a and b)-GFP-expressing cells
following DOX ‘induction, but not in non-induced
cells (Fig. 7Bb, insert). . Immunogold studies
showed co-localization of E50K  optineurin-GFP
and LC3 in autophagosome-hke structures (Fig.

7By c-and d). -

Optineurin foci formation ‘is regulated by

autophagy. RGC5 . (Fig. 8, A.and_B) and PC12. .

(data not shown) cells transfected with pOPTNy1-
GFP .and/or pOPTNEsex-GFP - for 20 h were treated
with 3-MA or rapamycin for 24 or 48 h. The 3-
MA ftreated cells showed more -optineurin wild
type foci formation compared with the. untreated
controls (Fig. 8A) 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 untreated group
in both pOPTNwr-GFP- and pOPTNgsox-GFP-
suggesting that the

part, via the autophagy pathway

Rapamyczn treatment reduces the level of
apoptosis induced by overexpressed optineurin.
RGCS (Fig. 8C) and PC12 (data not shown) cells
were transiently transfected to express GFP alone,
wild type or ES0K optineurin-GFP followed 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

“electron denseas.. well as
“multiple-membrane
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rapamycin treatment, -the percentage of caspase
3/7-positive -cells in . total wild. type and E50K
“optineurin-GFP-overexpressing transfectants was
increased by approximately 1.8 to 2.5 fold (P <

0.008) compared to that in pEGFP-N1-transfected -

mock controls. (Fig. 8C). After the .rapamycin

treatment, the level -of - apoptosis- in . optineurin.
transfectants -was dechned to w1thm the control

limits (Fig. 8C). -

Transgenic ESOK mouse; The ESOK mouse is -
transgenic, not a knock-in mouse. The -transgene: .
was expressed using-the chicken. B-actin promoter:
(pCAGGS) with CMV enhancer. The copy number -

- for-the mutant gene was approximately 12 to- 14 per: :

-mouse (41). While the distribution remained similar,

" the overall optineurin expression was higher in the .

retina of E50K transgenic mice compared with the
endogenous - optineurin expression.. The RGC. loss

and retinal thinning were seen 12 month after birth
in :'the transgenic  mice. By -16- .months,
approximately 43% of the retinal thickness and-
approximately 20% of RGC numbers were reduced« 2

(41). Excavation of the optic nerve head was also
observed. Apoptotic RGCs were detected ‘in 16

month -or older E50K- mice. The average. IOP - .
reading for mutant mice was in the normal-range of

15 = 1 mmHg for all examined-ages (41).. -

- 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 PSMBS5 staining was also. observed in ..
sections from the 4-.and 8-month-old-transgenic- -
mice (data not shown). Interestingly, no pathology -
was apparent in the former mice while retinal -
- processed  largely  through autophagy, as

thickness appeared to be somewhat reduced in the
latter.

The staining results in 12-month-01d ESOK'

transgenic and normal mice were confirmed by
Western blotting ‘of retinal extracts (Fig. 9C). By
- electron - ‘microscopy,

transgenic eyes (Fig. 9D). Quantification analyses

indicated that the structures were found in'22 of 33
RGCs examined in transgenic mouse sections, but -

only in 1 of 23 RGCs in controls.

autophagosome-like
structures were demonstrated ‘in RGCs of E50K-

DISCUSSION

In eukaryotic -cells, the ubiquitin-proteasome
and autophagy pathways are two major routes for
protein clearance (19-21). The present study
demonstrates that proteasomal inhibition led to an
increase. in-the endogenous optineurin level in

neuronal: RGCS5 and PCI12 cells (Fig. 1). On the
other hand, autophagic and lysosomal mhlbmon as .

well as autophagic activation had little effects. The
UPP thus -appeared to- be the major pathway for

-endogenous. optineurin processmg Autophagy and -
“lysosomes had a rather minor, if any, role.

Supporting -this.: conclusion, -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 approximately 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 ubiquintinated (16). - - .

Our study. further = indicates that - upon
optinéurin  overexpression or  mutation, the
proteasome activity in neuronal cells is decreased

(Fig..4) while autophagy is induced. The induction

of autophagy is evidenced by an increased
immunostaining -(Fig. 5A) for an -established
autophagic marker LC3 (25), an increased protein
level of LC3-II (Fig. 5B), the lipidated form of

‘L,C3 that inserts into the membrane and. correlates
. with::  the

-appearance .- of - LC3-positive
autophagosomes (27, 45-47), plus the detection of
autophagosome- -and autolysosome-like structures
in-transfected: cells (Fig. -6).. The overexpressed
wild type and E50K optineurins appeared - to -be

autophagic activator rapamycin diminishes, while
the inhibitor 3-MA augments the foci formation
(Fig. 8, A and B).

A decrease in the PSMBS level and an
increase in the LC3 level were similarly observed
in cells treated with TNF-o and IFN-y (Fig. 6) as
well as in inducible cell lines (data not shown).
Such in vitro changes were likewise observed in
vivo in ESOK - transgenic mice. The ES50K-
overexpressing mice -developed. phenotype  that
mimicked the clinical features of NTG patients
including - neuropathy of the optic disc and
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... upregulated. _or.. mutated:. in _ neuronal..cells,

degeneration of the RGCs without an increased IOP
(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 readlly visible (Fig. 9B). The
protem level changesin the 12-month-old E50K

mice were confirmed by ‘Western blottmg (Fig.

9C). Autophagosome— ‘and autolysosome—hke :
structures were also observed in" the ESOKV

speczmens (Fig. 9D).

‘It has been documented that when a cytosohc '

protein is -aggregate-prone, it becomies 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’s diesease. Mutations of a-synuclein’
~are” known 10" cause autosonial-dominant; €arly- -

- onset Parkinson’s disease. ‘Previous studies have
disclosed that both UPP and autophagy are routes

for a-synuclein degradation and that while soluble -
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-degraded chiefly -through- -

the -ubiquitin ~pathway. When  optineurin - is

autophagy becomes involved (Figs, 5-7).

- The optineurin: overexpression characteristics
- bear  similarities . to  those - seen - in
neurodegenerative diseases including Alzheimer’s

and ‘Huntington’s (20, 48, 49). After transfection

with wild type or E50K optineurin, the optineurin

foci are observed to distribute in 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-
dependent -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 (49-51). In-addition,
overexpression -of both wild type and E50K
optineurin leads to apoptosis in cultured cells (40)
and the toxicity can be rescued by rapamycin
treatment (Fig. 8C). These analogies further
underline that glaucoma shares common features
with neurodegenerative diseases (52-54).

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 protective role by sequestering toxic,
misfolded protein species 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

accumiulated abnormal “proteins. However, “when -
the autophagic clearance: system reaclies:saturation,
unable to eliminate: the-:; excess . proteins,

dysregulation or defection may occur, contributing
to -apoptosis and- pathology: (26). Supporting this

notion,: diffuse and abnermal proteing accliimulate
and ‘aggregate to-- form. ‘inclusions -which- can -
disrupt the neural system. in Atg5. (autophagy— ‘

related gene 5) deficient mice (57). Also, the

protein - - accumulation - and neurodegenerative:
phenotype could be reverted by activation of the

autophagy pathway. with a gene therapy approach
(58) or infusion of rapamyein. (55). It is suggested
that there: may exist athreshold as a point of
divergence -~ between--- physiological-— and
pathological ..autophagy - (59) and. both- the

_ physiological-and_pathological-reles-of-autophagy.... ...........

remain  ag r-ﬂhr's\“v -imnortant -areas - for
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investigations. . Furthermore, -inhibition - of
proteasome function has also- been shown to
trigger apoptosis (60) depending on cell types and
conditions. Defects in the UPP may-drive human
pathologies including neurodégenerative diseases
(30) although there have been controversies that
still await-further-clarification (6 1).

A similar scenario . may - take place in
optineurin-related glaucoma. In this context, it is
intriguing that a persistent accumulation 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 contiibuting to the ensuing axonal .

degeneration. It is also of interest that very
recently mutations of optineurin are reported to be
invoived in the pathogenesis of ALS (8). While
the role of foci in pathology remains to be
precisely defined, an ALS case with the E478G
optineurin mutation did show optineurin- and
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ubiquitin-positive - - cytoplasmic. . inclusions.
Optineurin in addition is linked to Paget’s disease
(9), a condition characterized by focal increases 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 ubiquitin binding receptors

such as p62 are required in the process of -
autophagic clearance of proteii aggregates (61, -
-:64). By binding simultaneouly: to. ubiquitin and -
autophagosome-associated ubiquitin-like:LC3, the -
receptors-mediate: docking of ubiquitinated protein . -

aggregates to the autophagosome for selective

degradation. Optineurin is ubiquitinated, whether -
its aggregates are processed = ‘through - the
:autophagyf process. is: currently :

“selective”
unknown. ¢
- Taken  together, the current study prov1des
compelling evidence that in normal homeostatic

situation, the turnover of endogenous: .optineurin. -
involves mainly UPP.  When: optineurin - is.
upregulated or mutated, the ‘UPP function is .

compromised and-autophagy comes into play. A
decreased PSMRBS5 level and an induced autophagy
were also demonstrated in vivo in RGCs of ESOK
transgenic mice, validating and makmg Lelevant
the in vitro findings.

Optineurin and ESOK mutant have- been shownx-
to inhibit NF-xB activation (8, 15). Studies from:
our laboratory reveal that the interaction with .-

Rab8 and transferrin receptor is stronger with
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 -

- mutation, ES0K in addition impairs more
_dramatlcaﬂy the transfen'm trafficking (65). Based

on these observations, ‘we surmise that the
defective trafficking, deregulated NF-xB signaling,
along with fragmentation of the Golgi complex
and increased apoptosis may be the underlying
bases how ESOK 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 response with build-up of the aggregate-

prone ‘mutant: protein. - Autophagy: may contribute
to the demise of the cells only when the build-up
exceeds the capamty, exacerbatmg then the disease

o condn‘,mn

St s addlﬁonally noteworthy that- whlle the

v;ESOK findings have pathologic significance, the
- wild :type. optinetirin .overexpression results may

also be of physiologic ‘relevarice. Optineurin, for
example, is known  to . be upregulated by

.. proinflammatory . cytokines TNF-a (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-o in
the retina::and the optic nerve:head have been

- associated with:glaucomatous conditions (66).

Knowledge of - the: degradation ‘pathways
acting: on ‘optineurin can help in design of novel

. therapeutie  :'strategies - (30). - For - example,

proteasome. - -activity ~ can . be - promoted by
overexpression.. .-of' - proteasome - subunit or
molecular chaperones and autophagy can be
upregulated by rapamycin (30), ‘rapamycin plus
lithium combination (67), or small molecule
autophagy enhancers (68). Future studies will be
focused on this translational aspect.:

REFERENCES

1. ‘Allingham, R. R., Liy, Y., and Rhee, D.-J. (2009) Exp. Eye Res 88 837- 844

2. Wiggs, J. L. (2007) Arch. Ophthalmol. 125,30-37

3. Kwon, Y. H., Fingert, J. H., Kuehn, M. H., and Alward W L. M. (2009)N Engl. J. Med 360,
1113-1124

4. Wang, N., Chintala, S. K., Fini, M. E., and Schuman, J. S. (2001) Nat. Med. 7, 304-309

5. Rezaie, T., Child, A., Hitchings, R., Brice, G., Miller, L., Coca-Prados, M., Heon, E., Krupin, T,

Ritch, R., Kreutzer, D., Crick, R. P., and Sarfarazi, M. (2002) Science 295, 1077-1079

ALA7 *71 1I3ALLIBACK U0 ‘SAIBAA LINOQ MBNI 10 AluN 18 B100al MMM WOJL DBDBOIUMOCT




