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,Glaucoma lS one of the leadmg causes of bllateral blindness affectmg nearly.. 8 mllhon people worldw; e.
Glaucoma is charactenzed by a prog ress:ve loss of retinal gangllon cells (RGCs) and is often associated

thh elevated mtraocular pressure. (IOP) However patients. w:th normal tension glaucoma (NTG), a subtype‘

of primary. open~angle glaucoma (POAG),. develop the disease without IOP elevation: The molecular pathways
leading to the pathology of NTG and POAG are still unclear. Here, we describe the phenotypic charactenstlcs
of transgenic mice overexpressing wild-type (Wt) or mutated optineurin (Optn). Mutations E50K; H486R.and
Optn with a‘deletion of the first (amino acids 153—174) or second (amino acids 426-461) leucine zipper -were
used for overexpressuon “After 16° months, histological abnormalities were excluswely observed:in the retina
of E50K mutant mice with loss 6f RGCs and connectmg synapses in the peripheral retina- leadmg to a thin-
ning ‘of the nerve flber layer at'the optlc ‘nerve head at normal IOP. E50K miceé also’ showed massive apoptoss
and degeneratlon ‘of entire retma, leadmg to approx:mately a 28% reduction of the retma thickness. At the
molecular level,. mtroductlon of the E50K mutation dlsrupts the interaction between Optn and Rab8
GTPase, a protem mvolved in the regulatlon of vesncle transport from Golgl to plasma membrane. Wt Optn
and an: active GTP- bound form of Rab8 complex were localized at the Golgi complex. These data suggest
that alternation. of the .Opin sequence .can initiate S|gmflcant retinal degeneratlon in mice.

INTRODUCTION
: associated with: elevated intraocular pressure ((JOP), which is

Glaucoma is+ charactenzed by progresswe 1oss of retmal one of mam risk factors in glaucoma. However, degenerative
ganglion- cells (RGCs), degeneration -of axons “in the optic changes in the RGC and the optic netve head leading to pro-

accounting for 12% of :global blindness (1,2);~POAG~is ‘oftc‘n‘

nerve and visual field defects. Primary open-angle glaucoma
(POAG) is one ‘of the. major-causes of irreversiblé blind-
ness. leading to vision loss in about 4.5:million people and

gressive visual field loss may occur even in the absence of
elevated IOP in a subtype of POAG called normal tension
glaucoma (NTG). A recent epidemiological study in Tajimi,
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Japan, demonstrated that >90% of POAG cases were dlag—

(WDR36) have been prevxously identified (4-7). A signifi-

“ cantly higher™ fréquency of OPTN sequence aliernations in

glaucoma subjects compared with controls supports the contri-
bution of this.gene to the development of glancoma (8-10). 1

one ongmal report, > 16.7% of NTG families had mutatlons in,

the OPTN" geéne (6); and a nurnber ‘of dlsease~causmg aming
acid substitutions including-E50K, H486R: and;R545Q have .-,
been conﬁrmed by others (8—10). The substitution of glutamlc

(Supplementary Matérial

~ support-ESOK mutation coulc ’play & cntwal role for the sever

ity~of:phenotype and' pathology .of glaucoma. Clinical study .
revealed that an NTG phenotype is more severe, in subjects_»

with the ES0K mutation than in a control group of subjects
with NTG but without this mutation, supporting a critical
role for this mutation (8,12). In vitro cell biological study

demonstrated that transfection of E50K-mutated optineurin-
. ,\NTG Therefore we exammed the. eyes, of aged Wt

(Optn) caused cell, death of rat RGC cell lme,

in’ Almost all of the réporic
cotrespond to positionsthat ate volition
crily: conserved ‘Between:the mouse, monkey:and human.:OPTN
is -ubiguitously: expréssed- in »

-number .of ; proteins meludmg )
factor. IITA_(15), Rab8: (16;17), myosm VI (18), FOS, (19)
ring ﬁnger protem 1 (20) and metabotrophw glutama

vation (22)

The molecular pathways !eadmg to glauco*na ﬁom a smgle
gene mutation still remam unclear mainly due to (i) insuffi-
ciency of clinical and genetic information from glaucoma
patients, (ii) difficulty 1n obtaining chinical material, such as
optic nerve tissues, from patients and (iii) lack of animal
-models: with particular gene: mutations. Recently, it has been
reported that glutamate: transporter-deficient mice exbit an
-NTG-like phenotype (24).. However, to this date, no animal
.models-have been produced based on the gene mutation
.found in NTG patients.

In this paper, we developed five variants of Optn overex-
pressing mice including the wild-type (Wi), E50K and
H486R point mutants, and mutants with a deletion of the
first or second leucine zipper. We used histopathology to
investigate changes in the optic nerve and retina of each
mutant. Using a modified protein fragment complementation
method, we also investigated the effects of the ES0K mutation

.on the mteractlon with OPTN-interacting protein Rab8, which

controls the vesicle transport.

RESULTS o
At least 24 dlfferent genetlc'locx have been lmked to various onstructmn Of mouse Op n‘mutants and characterlzatlon
forms of glaucoma, and four: glaucoma-assocxated genes, myo-. ‘ :
cilin, cytochromé P450131 "OPTN and WD repeat domain 36 -

I (rlmwnma.r-mlmno mutations ESQK

“1.2 mm from the opnc nerVe head Remarkably;we;found:sig-

Y, transcuptlon

fg.ﬁber layer Wés
* E50K “ niice compared Wwith" W :
“antiESMI32  inifmunostaining - of *th whole-mounted‘ retina

> v -
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of expressm

Flve mouse ‘Optix variants were E'overexpressed {inder the CMV

early enhancer/chicken beta-actin .(CAG), promoter.in- trans--

" genic mice: “These: variants ificluded Wt Optn; the E50K and

H489R mutants which are mouse equivalents of the human
nd HA86R, respectively,

ALY )

aplansiis, LXWMOYLL,

and mutants Wlth delet;on of the ﬁrst‘(lst LZ del) vor second ,

(2nd TZ *fransgenic

‘mice;were: borm .at--normal; Mendehan ratxos, weighed.;the.

same as non-transgenic littermates and appeared normal up

. 1o, 16 months of .age. The mutant HAtagged proteins were
] (Flg IB) The ,

; y
. mitely 12 to 14 per.miouse as determmed by TaqMan real-txme

PCR assay (data not shown)

: Cmpaﬁsaﬁ of:’hi‘stological ‘c"h"z‘mge‘s in-the’eye of Wi'and'

mutant Optn transgenic mice
Loss of RGC§ and ‘ciipping of the ‘optic-disc aré’the’ defining
histologijcal -features of the retina of patients-with POAG and
ESOK

& ‘peripheral Tetiha: < 1.0%

&\@_mdepende

theu a%ons m t

demonstrated loss of large RGCs. in ihe . peripheral retina
(Fig. 2D). Progressive, non-specific loss of RGCs in E50K

mice was shown by counting NeuN-stained cells in the

entire retina sections (Fig. 2D).

To determine which retimal cell types dre vulnerable to: the
E50K mutation, we performed immunohistochemical analysis
using retinal cell-specific markers. Immunostaining with calre-
timin antibodies was used to visnalize synapses -of:RGCs:and
amacrine cells.in the inner plexiform layer :of 16-month-old
Wt and E50K mice (Fig. 3A)..Although there: was no differ-
ence in the - immunolabeling patteri: of synapses in -the
central retina of Wt and E50K mice (Box C**) a significant
degeneration of synapses was observed in the peripheral
retina of ESOK mice versus Wt mice (Box P**). Immunolabel-
ing of the flat mount retina using antibodies against choline
acetyltransferase (ChAT, cholmerglc amacrine) revealed
areas of amacrine cell loss in the peripheral retina (Box )
(Fig. 3B, arrow). Loss and/or changes of another type of ama-
crine cells and rod bipolar cells m the peripheral retina of
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"'[2nd LZ defetic

B HA-mouse OPTN

Figure 1. (A) Schematic diagram of the-mouse Optn constructs used in this study.. Positions of mutations and delet s.are shown in lower boxes. Predicted
binding sites of Optn-intetacting proteins are shown in upper boxes. (B) Expression of Optn mutants in the retina of transgenic mice. Sections were immunos-

tained with anti-HA antibody. Scale bar: 20 pm.

ES0K mice versus Wt were ‘detected by staining wi
bodies against tyrosme hydroxylase (red, doperminergi
crine cell) and PKC « (green, rod bipolar cell) (F:g 3
P**). The outer plexiform layer (OE 3.

compared with Wt mi
outer segments were

Apoptosis assay by si
immunohistochemistr

e-strand bNA

RGC death by apopt051s is'one-of the typlcal features of glau-
coma. pathogenesis. - Immunostaming with. antibodies against
single-stranded: DNA - (ssDNA), -a marker. of - apoptosis-
assoclated DNA damage, was used to detect” apoptotic
s in the retina of E50K niice. ssDNA—posmve (apopto-
' cells were detected not only in the RGCL (Fig. 4A, Arrow)
but also in the INL and ONL. At the penpheral retina, signifi-
cant increase of apoptotic cell number in all retinal layers was
observed in E50K mice at 16 months of age (Fig. 4B) com-
pared with age-matched Wt mice (**P << 0.01). :

IOPof Wt and mutant Optn transgenic mice

JOP ‘measurement is a necessary and important step to deter-
mine whether retinal degeneration in our transgenic mice is
associated with the elevation of IOP or 1t is IOP independent.
IOP was measured using an impact-rebound tonometer and an
optical interferometry tonometer. The average IOP reading
from both devices gave similar IOP for mutant and Wt mice

athological features
OP.

irect protein

ab8 was analyzed
s with constructs
Vi, T22N (mnactive
tagged with fluor-
-A-fold decrease in
d the active form
f Rab8. However,
E50K did not interact with either form of Rab8 in. RGCS

_cells (Fig. 6B). Interaction of Wt OPTN and.the active form
~Rab8 was further supported by co-localization :of the
‘complex with a spemﬁc Golgi marker GM130 “in"COS1
“cells (Flg 6C)

DISCUSSION

In the present study, we produced and characterized the phe-
notype of five different transgenic Optn mice lines including

lines with overexpression of two OPTN mutations identified’
in glancoma patients. Among the 15 OPTN mutations pre-

viously identified (P16A, H26D, ESOK, K66R, E92V,
E103D,  2bp insertion between amino acids: 127-128,
VI161M, H228Y, A336G, A377T, I407T, A466S, H486R
and R545Q), we selected two mutations ES0K: and H486R,
which has been confirmed by several groups to be associated
with severe NTG and/or juvenile open-angle: glaucoma
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qure 2. Companson of retina morphology of normal, Wt and mutant transgemc micé. (A) HE staining of retina sections of 16-monith-old: normal 4nd tiadsgenic
“thice. Scale bar:-200° pim (upper panel), 50 pm'(lower panel). (B) Quantification of the retina thickness measurements of different transgenic lines at 16 months of
.age. Six retina samples.were measured in each group. Significant thinning of the retina was observed.only for E50K mice (*P < 0,05). (C):Quantification ¢ of the

retina thickness measurements of ESO0K. mice of different ages (6 to 16 months; » = 6 for each time pont). ES0K mice showed. statlstxcally significan
thinning at 16 months of age. (D) Tubulin 8-III immunostaining of the Wt and E50K mice at the optic nierve head (scalc bar 50 wm). Reduction of,
number at the peripheral retina is shown by NeuN immunostaining of paraffin section and SMI32 imminostaining of flat mount retina for Wt aind E50K fnice

(scale bar: 100 wm). RGCs were counted over entire paraffin sections for NeuN mmmunostaining: Right panel tepresents quantlﬁcahon of these results Signifi-
cant loss of the RGCs was observed in the ESOK muce compa:ed with Wt (*P <0 05) ! . . e

(JOAG) :(6,8—11,25-27). E50K, a subststution of glutamic
acid by lysine at amino acid 50, is exclusively associated
-with: the familial and sporadic forms-of NTG (6,8,11), and
that phenotype-is, on an average, more severe compared
with  NTG- -without the E50K mutation (Supplementary
Material) (6). A study by Hauser ez al. (12) also reported a
more severe glancomatous phenotype in a patient with ESOK
mutation than that in the other NTG patient. The H486R
mutation is reporiediy associated with both NTG and JOAG
(4,26).. Histidine 486 is an evolutionarily conserved residue

located at the C-terminus, where five other proteins, adeno-
virus E3-14.K, huntingtin, metabotrophic glutamate receptor
l-a, myosin VI, ring finger protein 11, can interact with

Optn (Fig. 1A). On the other hand, ‘we chosé 1st afid 2nd

LZ del as the transgenic construct design. As.shown in
Figure 1A, both LZ regions are binding sites for various func-
tional molecules—1st LZ: Rab8 and FOS; 2nd LZ: Hunting-
tin, E3-14.7K, Myosin6, mGluR1, RNF11. To elucidate the
functional defect which may occur by deleting: these regions,
we generated 1st and 2nd LZ del transgenic mice.
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A

Figure 3. Changes 1 the retina of ESOK mice. (A) Immunostaining of the
retina sections with anti-calretinin antibody, a specific marker for RGCs and
amactine cells. Distuption of synapses between RGCs and amacrine cells
was observed m the peripheral retina of ESOK:but not'control mice (yellow
: ﬂat mount retina
of starburst ama-
‘retina of ES0K
50 pm. (C) Immu-

with ChAT (red) and NeuN (green). A s:gmﬁcam

crne cells were lost in the RGC layer in th
mutant mice (P**) compared with Wt mice (P*).
nostaining of the retina sections with tyrosmne 1 > y]asc {(red) and PKC «
(green), specific markers for dopaminergic amacrine cells and rod bipolar
cells, respectively Amacnne cell loss and sxz reductipﬁ,’of bipolar cells
were observed. Scale bar: 20 pm. :

Taken together, we hypothesized that each OPTN trans-

genic line would show distinct phenotype because of different

locatlons of mutations, influencing different OP'IN—mteractmg ¢

proteins. Surprisingly, only E5S0K mutant showed severe histo-
pathological changes in muce. The E5S0K mice showed not
only loss of RGCs, but also progressive retinal degeneration
exclusively in the peripheral region (Figs. 2—4). Immunolabel-
ing of ssDNA demonstrated that apoptotic changes occtrred'in
all retinal cell Jayers. The number of cells m different retinal
layers, mcludmg amacrine, bipolar and photoreceptor cells,
and thickness of all retinal cell layers were reduced in the per—
1phera1 ‘retina of ESOK mice.

~Herein, a question may rise from these ﬁndmtrs in ESOK
‘mice: 'why is neuronal degeneration eminent at the’ peripheral

-retina, not-at the central retina? Previous reports have indi-

cated that mouse models of glaucoma follow similar natural

courses of peripheral retinal degeneration. These include the
well-known glaucoma mouse model, the DBA/2J mouse,

and ‘recently reported GLAST-deficient mouse, where all

layers of the peripheral retina were shown to be affected,

leading to-a significant reduction of retinal thickness (24,28).
"The myocilin Tyr437His transgenic mouse, 2 POAG mouse

model, also develops RGC loss .at the .peripheral retina and
retinal degeneration (29 These thice mouse models all
1 eration with Optn ESOK
ften affects peripheral
whereas deterioration
y at-later stages of the
he increased sensitivity
oniger non-myelinated
s,-but this would not
al cells. Further inves-
ence of ES0K suscep-

iruptxon ‘can " be’ predicted by two studies by ‘Biiss

he peripheral retina. The

pe of peripheral RGC
he previous glaucoma
es of cellular and mol-
generation are shared
he use of E50K muce
pathogenesis, as well
terventions, holds

GTP-binding proteins
tellular processes. Rab
rane trafficking, including
vesmle transport, cargo somng, fransport, tethermg and fusion
(32). Rab8 has been shown'to be involved in polarized mem-

_brane transport and regulation of vesicular transport from the

trans-Golgi network (33). Recently, OPTN was demonstrated
to protect survival :.of NIH3T3 cells under oxidative stress by
relocating to the nucleus m an RabR-dependent manner,
whereas E50K lost tlie ability to translocate to the nucleus
(34). These previous functional analyses of the protein—
protein interaction reveal that OPTN-Rab8 complex is
involved in multiple functions that are essential for retinal
and optic nerve health. Thus, alterations of this complex by

ESOK mutation may influence the entire cellular function,

(0 glaucomatous-like pathology.

y demonstrated for the first time a direct protein—
teraction of OPTN and Rab8 at the Golgi-complex
and spreading vesicles (Fig. 6C), which was completely abol-
ished by ES0K mutation. The downstream effect of this dis-

colleagues . .and, Canals' and colleagues, who dem strated
the uuportanoe of OPTN—Rab8- complex: with - -myosin - VI
or huntingtin for post-Golgi trafficking, respectively
(18,35). Sahlendaer er al. (18) demonstrated that OPTN
and active Rab8 interact with myosin VI -and-this is essential
for the formation of Golgi ribbon and exocytosis. del Toro
et al: (35) demonstrated that :a  mutation .in -huntingtin
reduces interaction with OPTN—Rab8 complex;-resulting-in
delocalization -of the complex -in” Golgi and- impairment-of

_post-Golg:- trafficking. In both studies, OPTN-—Rab8 .was

considered essential - component of ‘post-Golgi - trafficking
system, whereas OPTN served as an effecter - protein of
Rab8 and -a binding. partner of the. actin-based motor
protein myosin VI. Disruption of this complex may result
in a significant reduction of -selected protein - transport
within " the cell: and to the cell surface for secretion. It
would be interesting to investigate what type of cargo is
affected by the ESOK mutation and if cells be rescued by
supplementing this cargo molecule. If these proteins can be
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ceﬂs ey heration and apoptosxs "celfs were - observed in the OPL and/or ONL in the pcrxpheral retma of ESOK mice. Scale bar: 20 pm: (B) Percentage of: apop-

'totlc cells in the’ONL~ (n =6, P < 0 01).

‘1dentified;. it may-serve as potential therapeutic approach to
treat ‘glaucoma: patients with- ES0K. mutation.

- In the photoreceptor, Rab8 has a pivotal role of dockmg and
fusion +in ‘thodopsin trafficking (36) and cooperating. with
Bardet=Biedl syndrome proteins:in ciliary membrane biogen-
esis (37,38). One possible explanation: about-the . sigrificant
apoptotic changes in the ONL suggests that disruption of
OPTN~Rab8. complex may affect the trafficking not only in
the RGCs. but also in the photoreceptors. Until now, there
are no-reports ‘about the correlation between. OPTN and
Rab8 in the photoreceptors, or OPTN-mutated .glaucoma and
photoreceptor function. - Considering trafficking malfunction
via OPTN mutation as the etiology of glaucoma E50K mice
provides a good animal model to. explore the pathogenesis of

RGC and photoreceptor.

MATERIALS AND METHODS
Clonmg of mouse Optn and site-directed mutagenesm g

Total RNA was extracted from a. fresh C57BL/6N mouse ' bram
tissue using TRIzol (Invitrogen, Carlsbad, CA, USA) and
reverse-transcribed into first-strand ¢DNA. using oligo-dT
adapter primer and SuperScript First-Strand Synthesis System
for RT—PCR {Invitrogen). OPTN cDNA was amplified by
PCR using oligonucleotides. 5’-cggaattccgatgtcccatcaacctctgag—3’
and 5'-cggaaticcgtcaaatgatgeagtecatca-3’ as primers.  The
amphfied DNA fragment was purified using a MinElute gel
extraction kit (Qiagen, Hilden, Germany); ligated into pBlue-
seript II (KS-) (Agllent chhnologlcs Santa Clara, CA, USA)
and sequenced using the M13 primers and ABI PRISM 3130
(Applied Biosystems, Foster City, CA, USA). Site-directed
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mutagenesis was carried out to produce cDNA corresponding to
the deletion of the ESOK mutation, the first leucine zipper (st
LZ=del), deletion: of the second-leucine: zipper (2nd LZ- del)
.and the H489R mutation. The following primers were used:
5’-cagctcaaactcaactecgg-3’ and 5-atgctccacttectgetcea-3’ for
st . LZ -del, 5'-aaatgaaggaactcetggttaagaaccaccagetgaaagaa-3'

and - S'-ttctttcagetggtegticttaaccaggagticettcattt-3'  for ES0K,
5'-gagaccatggcecgtecte-3' and- 5'-caacatcttgtecacctittctg-3" for
2nd LZ del and 5'-gcagcaagagagaagaticgtgaagaaaaggageage-3’
and 5’-gctgctccttttettcacgaatcttetetottgetge-3' for H489R. Plas-
‘mids were digested with EcoR], purified by agarose gel electro-
phoresis and recovered using the MinElute gel extraction kit

_Systems), according to.

eter and an’ opncal interferometry tonometer
n 4-month and 16—month~old mice. Both methods )

according to the manufacturer’s protocol. The cDNA inserts
were ligated -mto EcoRI-digested pCMVHA vector (Takara
Bio USA, Madison, WI, USA) HA-tagged Optns were ampli-
fied by PCR using oligonucleotides 5'-ccgetegagegecaccatgatg
tacccatacgatgttcc—}’ and 5'-ccgetcgageggtcaaatgatgcagtecatca-3/

“as primers.: HA-tag was inserted at the N-terminus of Optn

constructs for.the:detection of proteins expressed by the trans-
INA fragments were purified using a
tion kit (Qiagen), ligated into the

CAGGS containing chicken beta-actin

Apzomoter with CMV enhancer kindly provided by Dr Junichi
--Miyazaki of Osaka University. was used for strong ubiquitous

expression of the transgene in mice. cDNA mserts were
released from the pCAGGS vector using Sa/l and BamHI.
These restriction fragments were injected mto pronuclear-
stage BDF1/C57BL6N -embryos, and transgenic mice were
generated at PhoenixBio Ltd (Tochigi, Japan). Offspring
were screened for the transgene by isolating genomic DNA
from tail biopsies followed by PCR. Primers used for PCR
were 5 -ctctagaocctctgctaaccatgt— "and 5'-ccatggccataagageg
taa-3". To determine copy. number of transgenes, real-time
PCR was performed usin; TaqMan MGB probe (Applied Bio-
: .manufacturer’s standard protocols.
Primers and probe for the mouse béta-actin were 5'-AGGC
CAACCGTGAAAAGATG-3 (forward), 5-TGAGAAGCTG
GCCAAAGAGAA-3 “(reverse) and 5-CCCAGGTCAGTAT
CC-3' (probe); for the CAG promoter were 5'-CCGCAGCC
ATTGCCTTT-3 (forward), 5'-TTCGGCTCCGCACAGATT-¥
GGGACTTCC-% (probe). To deter-
nt of the copy number of beta-actin,
> beta-actin amplified from genomic
o the pCAGGS vector. The copy
ne in mouse genome was measured
alyses, the purified plasmid DNAs
To determine the transgene copy
dantitative PCR was performed for both
ar et and beta-actin gene as a reference.
 mice were performed in accordance with
the Association for Research in Vision afid - Ophthalmology
Statement for the Use of Ammals in Vlsmn Research

Hlstology and unmunolustochemlstry

Mice were sacrificed with Nembutal (150 mg/kg) 1.p., and the
eyes were removed quickly. For histology, mouse eyes were
dissected and immersed in Davidson’s solution fixative over-
night at 4°C. The eyes were ‘embedded “inparaffin and sec-
tioned at 5 um thickness along the vertical meridian through
the optic nerve head. After deparaffinization and rehydration,
sections were stained with hematoxylin and eosin (HE) stain-
ing. Images of HE staining were collected with Nikon Eclipse

~ light microscope (Nikon, Tokyo, Japan).

For mmunohistochemistry, after deparafﬁmzation and re‘ny-
dration, eye sections were treated with Target Retrieval Solution
(DakoCytomation, Denmark). These sections: were incubated
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Figure 6. struptlon of 0P’I’N—-Rab8 mteractxon by the ES0K mntanon A)A dxagram of ¢cDNA constracts used in expenments to study protem—-prot
tein i mtcractmn of OPTN Wt and ESOK with Rab8 T22
cells as déscribed in Materials and Méthods. Interaction of OPTN Wt and Q67L—achve form of Rab8 was increased five times over Rab§ T22N-inact
Rab8 protein (**P < 0.01). ES0K did not show any interaction with any construct including the active form of Rab8 (z = 6). (C) Co-locali ation of 1

action. (B) The protein—pi

GDP inactive form), and Q67L (GTP active form) was fneasire

Rab8 complex (green) and Golgi marker GM130 (red) COSI cells were transfected with constructs encoding indicated constructs and stainéd with antibodies
agamst GM130 48 h after transfection 4s*described in*Maierials aiid Methods. Nuclei (blue) were stained with DAPL

with blocking solution for 1. h followed by overnight incubation
with primary antibody against HA tag (1:500 dilution;
Sigma-Aldrich;. St-Lows, MO,. USA),-OPTN (1500 dilution;
kind gift from Dr Mansoor Sarfarazi, University of Connecticut),
tubulin B-III isoform (1:100 dilution; Millipore, Billerica, MA,
USA), NeuN (1:100:dilution; Millipore), calretinin (1:500

dilution; Sigma), tyrosine hydroxylase (1:100- dilution; Milli--

pore) PKC a (l 500 dilution; MllhpOte) rhodopsm (1:200
dilution; Santa-Cruz, CA, USA), synapiophysin (1:500 diiution;
Abcam, Cambridge, MA, USA). or ssDNA: (1:500 dilution;

Immuno-Biological Laboratories, Gunma, Japan).in phosphate-
buffered saline (PBS) containing 1% BSA at 4°C. Slides were
washed in PBS and then incubated with: Alexa 488 -or- Alexa
568 (1:500 dilution; Invitrogen)-conjugated anti-mouse or
rabbit IgG and 4',6'-diamidino-2-phenylindole (DAPI)- for
nuclear staining for 1h at room temperature. The. stamed
tissues were examined using confocal fluorescence laser micro-

-scope (Radiance 2000, Bio-Rad Laboratories, Hercules, CA,

UbA) Control slides were processed similarly, except for the

omission of primary antibodies (data not shown).
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‘Whole-mount immunostaining

The whole-mount immunostaining was performed essentially as
described. (39,40). Briefly, neural retinas were separated from
the posterior eyes, fixed in"'4% PFA/PBS for 2 h on-ice and
incubated with the anti-SMI32 (1:200 dilution; Sternberger
Monoclonals, Baltlmore "MD, USA), anu—ChAT (1:100
dilution; Mllhpore) or anti-active NeuN (1:250 dilution; Milli-
pore) antibody for 7 days at 4°C.:Slides were: washed in PBS
containing 0.1% Triton X-100 and then: incubated with-Alexa
488 or 'Alexa 568 (1:500 dilution; Invittogen)- con]ugated antt-
mouse or rabbit IgG/DAPI for 2 days at 4°C. Who
retinal samples were: placed on slides, with. thc vitreous facing
up. Radial cuts.were: made in- the. peripheral. retina, and the
retinal tissue was flattened with a fine brush. The retinas were
then mounted with Vectashield “(Vector Laboratones Buirlin-
game CA, USA) and évaluated W'th a confocal mxcroscope

Measurement of IOP

The average IOP for each genotype Was 1ecorded IOP was
measured : using. an. . impact-rebound tonometer (Colonal
Medical Supply, Franconia; NH; USA).and optical mterfero-
metry tonometer (FISO Technologies,; 'Quebec, Canada) for
mice of each genotype as described (29) Usmg the rebound
tonometer, we were able to measure IOP in awake and non-
sedated mice of various ages, whereas optical mtelferometry
tonometry: was-performed on anesthetized animals. Measure-
ment of IOP‘was always performed in the: momiiig between
10 and 12 AM. The mice successfully assessed for each gen-
otype and age were 18 weeks and 16 months. =

Measurement of OPTN-—RVabSA; iﬁterhcﬁd‘l’\‘ B

OPTN Rabg mteractxon analy51s was. perfonned using Coral-
Hue® Fluo-chase. Kit (MBL,: Tokyo, Japan): Based on the
instruction- manual, we constructed OPTN Wt," ES0K;- Rab8
Q67L (GTP-bound active form); Rab8 T22N (GDP-bound inac-
tive form), with ﬂuoresccnce tag protein (mKG_N or mKG_C)
on either N-terminal or C-terminal (Flg 6A). RGC-5.and COSI
cells were transfected by: each pair of the plasmid mixtures
using Fugene HD (Roche Diagnostics, Mannheim, Germany).
Forty-eight hours after transfection, the medium was replaced
to PBS and the cells wetre observed with inverted microscope
(Eclipse TE300, Nikon). To observe localization of OPTN—
Rab8 complex, cells were fixed 48 h after transfection with
4% paraformaldehyde in PBS on ice for 20 mm. Cells were
incubated m blocking buffer (3% bovine serum albumin,
0.1% Triton X-100 m PBS) and then with anti~-GM130 antibody
(BD Bioscience, San Jose, CA, USA) at room temperature for
1 h each. Cells were washed three times with PBS-T (0.1%
Triton X~100 in PBS) and incubated with Alexa-568-conjugated
secondary antibody for 1h at room temperature. Slides were
washed, mounted and analyzed by confocal microscopy.

Statistical analysis

All data were expressed as the mean + standard deviation.
Statistical differences were analyzed by the ANOVA or Stu-
dent’s t-test. *P << 0.05 was considered statistically significant.

-mounfed .

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Primary open-angle glaucoma (POAG) is one of the three principal subtypes of glaucoma and among the
leading cause of blindness worldwide. POAG is defined by cell death of the retinal ganglion cells (RGCs)
and surrounding neuronal cells at higher or normal intraocular pressure (IOP) Coded by one of the three
genes responsible for POAG, WD repeat~conta1nmg protem 36 (WDR36) has two domains with a similar fold-
ing. To address whether WDR36 is functionally important in the retina, we developed four transgenic mice
strains overexpressing a wild-type (Wt) and three mutant variants of D606G, deletion of amino acids at pos-
itions 605-607 (Del605~ 607) and-at 601640 (Del601~640) equivalent to the location of the D658G mutation
observed in POAG patients. A triple amino acid deletion of mouse Wdr36 at positions 605-607 corresponding

to the deletion at positions 657~659 in humans developed progresswe retinal degeneration at the peripheral

retina with normal IOP. RGCs and connecting amacrine cell synapses were affected at the perlphera{ retina.
Axon outgrowth rate of cultured RGC directly isolated from transgenic animal was significantly reduced by
the Wdr36 mutation compared with Wt. Molecular modeling of wild and mutant mouse Wdr36 revealed that
deletion at positions 605-607 removed three residues and a hydrogen bond, requxred to stabilize anti-paraﬂe!
B-sheet of the 6th B-propeller in the second domain. We concluded that WDR36 plays an important functional
role in the retina homeostasis and mutation to this gene can cause devastating retinal damage. These data
will improve understanding of the functlonal property of WDR36 in the retina and provide a new animal
model for glaucoma therapeutics. '

INTRODUCTION - typmal glaucomatous changes, including optic nerve head
cupping and visual field Joss. At present, at least 24 different

Glaucoma is characterized by progressive loss of retinal ganglion  loci have been linked to various forms of glaucoma and over a’

cells (RGCs), degeneration of axons 1n the optic nerve leadingto  decade, three genes, myocilin (MYOC) optineurin (OPTN) and
visual field defects. Primary open-angle glaucoma (POAG) is WD repeat-contaning protein 36 (WDR36), have been identified
one of the major causes of irreversible blindness leading to  as monogenic genes assoctated with POAG (3-5). WDR36 was
12% of all global blindness and by the year 2020 over 11 identified in the POAG loci GLCI1G at 5q22.1 with segregation
mullion people are predicted to be- affected (1,2). POAG is  to POAG in the origmal paper (5). Hauser et al. (6) reported cor-
often associated with. elevated mtraocular pressure (IOP) relations of WDR36 variants and POAG severity, while others

>21 mmHg, which becomes a major contributory factor for described disease-causing variants at equal frequency as the
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Figure 1. Developnient of Wdr36 transgenic mouse. (A) Schematic diagram of the mouse Wd#36 construct used in this study. Positions of mutations and del-
etions are shown. (B) Expression of each mutant Wdr36 was immunostained. with. anti-myc (red) and anti-Wdr36 (green) antibody. Image shown are
co-localized. Scale bar, 20 um. (C) IOP was measured at 16 months durmg 10 am fo fioon using impact-rebound tonometer.” This method gave normal

range for all tnansgcmc mice (1 = 6).

control (7—9). These mixed results suggest that WDR36 may act
as a modifier gene for POAG or only be responsible for selective
familial POAG as in MYOC and OPTN variants (6,8). :

WDR36 is a 100 kDa protein, containing multiple guanine
nucleotide-binding WDA40 repeats (WDR), an AMP-dependent
synthetase and ligase, and a cytochrome cd1-nitrite reductase-
like WD40-associated domain (5). Previous studies have
shown that the loss of WDR36 activated the p53 stress—
response pathway that disrupts nucleolar morphology and
rRNA processing, resulting m a decrease of the 18S rRNA
mature form (10). Wdr36 knockout in zcbrafish developed
abnormal gut and smaller eye with progressive degeneration
of the lens development Homology modeling by Footz
et al. (11) showed WDR36 contammg 14 WDR, lxkely to
fold in two connected seven-bladed ‘B-propeller domains.
WDR36 is ubiquitously expressed in all tissues and shares
sequence_homology with yeast Utp21. It is localized to the
nucleoli and cytoplasm (10). Footz et al. further described
that POAG-causmg variants in WDR36 did not prgduce any
significant defects in yeast viability or tRNA processing, but
when combined with disruption of STI1, which synthetically
interacts with UTP21, 5 of the 11 variants had increased or
decreased cell viability due to reduced or elevated levels of
pre-rRNA (11). These WDR36 variants included ones found
in control populations, suggesting WDR36 as a modifier
gene that requires another .gene defect or unknown risk
factor for the onset of POAG.

In this paper, we focused at the functionally sensitive site
in the two" 7-bladed B-propeller structure studied previously
in humans and yeast. Overexpression of mutant Wdr36

‘produce significant and specific retinal damage in mice.

Molecular modeling of wild-type (Wt) and mutant Wdr36
mice revealed explanation for the phenotypic results obtamed
in this study.

RESULTS
Construction of Wt and mutant Wdr36 transgenic mice

Four independent transgenic mice lines overexpressing Wi,
D606G, deletion of amino acid 605-607 (Del605-607)
located in seventh B-propeller in the second domain, and at
positions 601640 (Del601-640), a deletion of the entire
seventh B-propeller of same domain, were developed indepen-
dently in B7D2F1 (DBA/2J+C57BL/6J) mouse strain
(Fig. 1A). The copy number of each mutant cDNA construct
per mouse was approximately two to four, determined by
TagMan real-time polymerase chain reaction (PCR) assay
(data not shown). The D606G is equivalent to the D658G
mutation preferentially found in patients with POAG (5). Ub1-
quitous expression and distribution of Wt and mutant Wdr36
protein was visualized by immunostaining of myc-tag peptides
fused to each Wdr36 construct (Fig. 1B).
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Del601-640

Anti-NeuN

Wi

Anti-SMI32

Figure 2. Companson of retina morphology of Wt and mutant transgenic mice at the perphesal retina. (A) Hematoxylin—cosin staining of retina section 1s
shown for 16-month-old transgenic mice. Scale bar, 200 wm (upper panel), 20 um (lower panel). (B) Quantification of the retina thickness and RGC
numbers of 16-month-old transgenic mice (» = 6). Significant thinning of the retma and loss of the RGCs (arrow) was specifically observed for Del605—-607
mice (*P < 0.05). RGC numbers was counted 1 the NeuN-immunostained paraffin section. (C) Reduction of RGC number at the peripheral retina (asterisks)

is shown by NeuN mmunostaining (green, scale bar 50 wm) of paraffin section and SMI32 immunostaining (red, scale bar 100 jum) of flat mount retina for Wt

and Del605-607 mice.

IOP measurement for Wt and mutant mice

Elevated TOP is one of the major r1sk factors for glaucoma. We
measured TOP in Wt and transgenic mice using noninvasive
impact-rebound tonometer as described previously (12). The
average 10P for Wt, D606G and Del601—-640 was similar
and in the normal range of approximately 13 mmHg at all
examined ages (Fig. 1C) The Del605-607 mice gave a
slight ‘increase of IOP but statistically non-significant com-
pared with other strains.

Histological comparison of Wt and mutant Wdr36
transgenic mice eye :

Hematoxylin—eosin (H&E) staining of the entire eye section
showed no obvious abnomnmality for mice over expressing Wit,
D606G and Del601-640. However, significant change was
observed for Del605—-607 mice exclusively in the peripheral
retina at 16 months of age (Fig. 2A). Approxumately. 25%
reduction m the peripheral retina thickness was observed for
Del605~607 mice compared with the Wt mice (*P < 0.05;
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' Del605-607

Figure 3. Disruption of synapses between RGC and amacnne ce_lls"in Del605-607 mice. Immunostaining of the retina sections with anti~calretinin antibody, a
specific marker for RGCs and amacrine cells. Disruption of synapses between RGC and amacrine cells was specifically observed in peripheral (P) retina for

Del605—607 mouse (P') but not in the central (C) retina. Scale bar, 20 um.

Fig. 2B). To maintain statistical quality, the measurements of
retinal thickness were collected at the peripheral retina ~1.0—

1.2 mm from the optic nerve head. Within the same peripheral .
region, RGC loss was observed by unmunostammg with anti-
NeuN, a neuron—specxﬁc markel and counted through the_

entire retina sections (Fig. 2C). RGC loss at the peripheral
retina was placed horizontally and visualized by anti-SMI32
1mmunostammg of the whole-mount retina in Del605-607

mice in comparison with Wt mice (Fig. 2C) Cornea, lens and.
the anterior segment of Del605—607 mice eye ‘were histologi-

cally normal even after 16 months.

Hisytopath(k)l‘ogical evaluation of the retinal layers in Wdr36
Del605~607 mice

To determine which retinal cell components are vulnerable to the
Del605—607 deletion, we performed mmmunohistochemical
analysis using retinal cell-specific markers. In the inner plexiform
layer (IPL), synapses of RGC and amacrine cells were visualized
by calretinin immunostaining of retina sections of Wit and
Del605—607 mice at 16 months (Fig. 3). A significant degener-
aticn was observed in the peripheral retina in Del605—607 mice
(Fig. 3, Panel P’) in contrast to the central retina of Wt and
Del605—607 mice (Fig. 3, Panel C') Loss of another type of ama-
crine cells and rod bipolar cells in the peripheral retma between
the Del605—-607 and Wt was detected by staining with antibodies
against tyrosine hydroxylase (red, dopammergic amacrine cell)
aid PKC « (green, rod bipolar cell) (Fig. 4A). Loss and/or
abnormality of amacrine cells and bipolar cells was also observed
inthe Del605—607 mice. Expression of synaptophysm, a synaptic

vesicle marker, was reduced in the outer plexiform layer (OPL) in
Del605~607 1mice compare with Wt mice (Fig. 4A).

Apoptosxs assay by smgle—stranded DNA

! xmmunohlstochemlstry

Apoptotlc cell death of RGC'is onc of the hallmarks of glau-
coma pathogene51s To visualize the apoptotic event in Wt and
Del605-607 mice, we performed immunohistochemistry for

- single-stranded DNA (ssDNA), a detection marker for

apoptosis-associated DNA damage We detected ssDNA-
positive cells (apoptotic cells) in the retinal ganglion cell
layer and outer nuclear layer of the peripheral retina in
Del605—607 mice (Fig. 4B, arrows). In the retinal flat
mount, apoptotic RGCs were also observed in the peripheral
region of Del605—607 mice (Fig. 4B). -

Evaluation of Wt and Del605—-607 primary RGC
axon out growth

To evaluate the axon outgrowth of RGCs for Del605—607
mice, we first develcpvd double transgenic mouse by
mating Del605—-607 mice with Thyl promoter-driven cyan
fluorescence protein (Thyl-CFP) transgenic mouse,  which
enables visualization of RGC with CFP filter. Primary RGC
culture of Del605—607/Thyl-CFP double transgenic mice
was successfully established and the axon growth was moni-
tored photographically (Fig. 5A). The RGC axon out growth

rate of Del605—607/Thyl-CFP transgenic mice was reduced

by ~60% coimpared with those from Thyl-CFP mice alone
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Del605-607

Figure 4. Degeneration of outer plexiform layer (OPL) and outer nuclear layer at the peripheral retina of Del605—-607 mouse. (A) Immunostaming of the retina
sections with tyrosine hydroxylase (red) and PKC « (green), a specific maker for dopaminergic amacrine cells and rod bipolar cells, respectively (upper panel).
Cell loss and size reduction of bipolar cells was observed. Scale bar, 20 pum. Immunostaining of the retina sscuons with synaptophysin, a specific marker for
neuronal presynaptic vesicles (lower panel). Synapse disruption (arrow) was observed in the OPL of Del605—607 mouse peripheral retina. Scale bar, 50 pm. (B)

Immunostaining of cryosccnon and flat mount retina with specific apoptosis marker, ssDNA. Apoptosis cells were observed in the all cell layers 1n the peripheral

retina: of Del605-607 mice. Scale bar, 50 pm.

at the ﬁﬁh day of culture. This ﬁnding demonstrated that the
Del605—-607 mutation can d1rectly influence the RGC axon
outgrowth in vivo.

Molecular modeling of mouse Wdr36

In order to model “a three-dimensional structure of
mouse Wdr36, we thread a sequence of Wt Wdr36 through
the database of known protein structures using the SMART 6
engine (13). The engine recognized eight WD-40 B-propeller
repeats, each repeat a motif of 40 amino acid residues often ter-
minating in Trp-Asp (W-D) dipeptide. The E-value was
changed from 1.46E—01 to 1.43E+41 for these repeats. The
most significant change was observed for the motif at 559—
598 with an E-value of 2.2E—10. Modeling by PHYRE (14)

suggests that a structure of mouse Wdr36 is homologous to
yeast actin interacting protein 1 (PDB-file: 1nr0) as-the best
hit between 14 different protein structures with a very low
PHYRE E-value. This structure is likely to -fold in:two
7-bladed B-propeller domains (total 14 WD-40 repeats)

forming a circularized structure 1n positions from 1 through -

642 of the mouse Wdr36 sequence. The rest of the amino acid
sequence (residues 646-899) show similarity to the large frag-
ment of Utp21 domain of unknown structure that starts at pos-
ition 668 and ends at position 896 with the SMART E-value for
the domain of 2.40E —39. This result confirmed that Wdr36 and
yeast Utp21 are structurally sumilar and share two 7-bladed
B-propeller domains as a common structural motif (10,11).
Further, the structural features of the Wdr36 are similar to
that of Caenorhabditis elegans UNC-78/AIP1 described
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techniques were additionally applied to simulate mouse
Wdr36 protein structure for calculating the structural change

~ induced by three mutations that were introduced in transgenic

mouse models. This is the first demonstration of an association

~ between gene mutations in Wdr36 and changes 1 a phenotype
_observed in a mammalian system.

The design of the D606G transgene construct was based on
the original paper by Monemi et al. (5). Our molecular mod-

- eling shows that mouse D606G mutant, equivalent to the

human D658G mutation, is located in the seventh B-propeller

. of the second domain, This seventh B-propeller of the second

Relative Lengtt 6f axon.

WECFR - BelBO 607~

Figure 5. Reduced axonal extension in pnmary cultu:ed RGCs by Del605—
607 mutation. (A) Primary cultured RGCs of Wt and De!605 607 mouse

{upper panel). Trance of axonal extension are shown in lower panel.
Shorted axons were observed. (B) Quantification of the re]ated axon length

with Image J software.

(Fig. 6A). The individual domain is a seven-bladed B-propeller
exhlbmng a significant structural similarity (Fig: 6B). Each

blade is arranged into four anti-parallel B-strands labeled

from A to D starting from the center of the propeller. Each
blade is stabilized by hydrogen bonds between main chain
atoms of B-strands as exhibited in Figure 6C for blades 6 and
7 that were targeted by site-directed mutagenesis in this work.
Interaction between D and C B-strands in blade 6 is supported
by four main chain—main chain hydrogen bonds, including
1le6050—-Thr596N (2.8 A) [le605N—Thr 5960 (3.0 A),
Cys6070—Val594N (3.3 A) and Cys607N—Val5940 (2.8 A),
and by one side chain—side chain hydrogen bond
Asp6060D2 Arg595NH1 (1.8 A). The circular shape of
Wdr36 is maintained by the closure mechanism similar to that
of a seven-bladed B-propeller in which the immediate amino-
terminus serves as an outer B-strand (D) for the blade 7
(15,16) and by hydrophobic interactions located at the surface
of blade 7 residues Val617, Met619, Val631, Leu634, Ile636
and Leu638 (Fig. 6C) and at the surface of the blade 1 residues
Leu329, Ile332, Tyr334, 1le342 and Phe361 (not shown).

DISCUSSION

In this study, phenotypic features of mice overexpressing
mutant Wdr36 were determined and characterization of
RGC was performed in vitro and in vivo. Molecular modeling

- (Del605-607)  containi
- B-propeller of the second domain and a 40 amino acid deletion

~domain is conserved for both amino acid sequence and mol-

cular structure. Previous studies have predicted that the

- D658G variant was strongly associated with severe phenotype
~ in glaucoma patients (5,8,11). To elucidate molecular func-

also developed a 3 amino acid deletion
ing D606 position at the seventh

(Del 601—640), which deletes the entire seventh B-propeller of
the second domain.
Two previous functional studies have demonstrated that

. WDR36 is involved in ribosome biogenesis similar to the

yeast Utp21, which is a member of the small subunit proces-
some complex respon31ble for maturation of 18S rRNA
(10,11). Footz et al. has further demonstrated that expressing

 the equivalent human variants in Utp21 can cause significant
reduction or elevation of the pre-tRNA level in the nucleoli.

Among the 11 variants tested, Utp2l D621G equivalent to
the human WDR36 D658G gave the lowest pre-TRNA level

'in yeast and the highest pre-TRNA level by 216% in the Stil
- null yeast strain (11). In human, all genomic sequence variants
: “exclusive to glaucoma patients or variants with low or high

oo incidence in control: population did not correlate with func-
earlier (15). The WDR structure revealed two distinct domains:

tional studies in yeast. The authors of this paper concluded

~that human R529Q, 1604V, D658G and M671V are likely to
encode subtle defects in WDR36 that in concert with
~another susceptible gene(s) or with certain environmental

factor(s) may trigger the onset of POAG.
These data suggest that in human WDR36 the D658G variant

may be functionally the most influential mufation and contrib--

ute to the onset of the disease as the genetic modifier. In fact,
WDR36 has been previously suggested to influence the severity
of MYOC-based POAG (6). To verify the above-mentioned
hypothests, further investigation would be necessary. Such
mvestigation is in progress by cross-mating Del605-607
mice with other glaucoma mice, such as the myocilin Y423H
transgenic developed by Zhou ez al. (17) to validate the POAG-
like phenotype with RGC loss and increased JOP. .

In spite of the fact that mutant Wdr36 was expressed in all
tissues, it is surprising that defects were only observed in the
retina. Previous studies by Skarie and Link (10) have shown
loss of wdr36 function in zebrafish resulted in developmental
defects including liver necrosis and absence of swim bladder
inflation by 6 days post fertilization. Small head and eye
was also reported with lens opacity and thickening of lens epi-
thelium but relatively mild defect in the retina even after 6
months post fertilization. In contrast to zebrafish, transgenic
mice with ubiquitous expression of the mutant Del605-607
revealed a progressive defect in the retina but not elsewhere
mcluding the anterior part of the eye even 16 months after
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Figure 6. The WDR36 three-dimensional structure 1s obtamed by homology modeling. The ribbon model with B-strands shown by arrows illustrates a proposed
structure of WDR36 contaming 14 WD40 repeats. N- and C-terninal domains with a seven-bladed B-propeller fold are shown by orange and cyan, respectively
(A). In domain 2, mdividual blades with the WD40 structural motif arc numbered from 1 to 7 (B). Similar to others, blade 6 is composed of an antiparallel
B-sheet with the individual B-strands labeled from A6 to D6 (C). The individual 8-strand D6 and the seventh blade of the domain 2 which correspond to
mutations Del605~607 and Del601—-640 are shown by blue and green, respectively. The Wt amino acid side chains that are important for the analysis of
sequence variants are shown by ball and stick models. Hydrogen bonds are shown by cyan and orange lines. Interaction between residues R595 and D606 is
revealed as an inset in (B). The missense mutation D606G cause the D606 side chain removal and breaks the single side chain—side chain hydrogen bond

Asp6060D2—-Arg595NHL. Amuino acids are shown by a single letter code.

birth. In gross anatomical examination, the size and structural
abnormalities of head, eye and gut, which occurred in zebra-
fish, were not observed in mice. The vulnerability of the
retina in the mouse model may suggest a differential role of
Wdr36 in the two species, perhaps through interaction with
different retina-specific molecules. On the other hand, Skarie
and Link (10) also showed the involvement of the p53
pathway and subseéquent activation of p21 on the effects of
the loss of Wdr36, suggesting that the p53 pathway may
also have influenced the phenotype of our transgenic mice
Overall, the adult Wdr36 transgenic mice with abnormal
phenotype serve as the potentral POAG model for future
use. To date, a number of animal models for glaucoma have
been established (12,18—24). Interestingly, the phenotypes of
human glaucoma mutation-based mouse models including
myocilin Y423H (20,17), optineurin ES0K (12) and Wdr36
Del605-607 (Figs 2—4) all involve loss of peripheral RGCs
accompanied by peripheral retnal degeneration. Herein, we
raise the question, what are the reasons for peripheral retinal
degeneration? Previous reports have indicated that mouse
models of glaucoma follow similar natural courses of periph-
eral retinal degeneration (12,17-20). These findings suggest
that all three mouse models share a common signaling
pathway for RGC death and beyond, although the function
of each protem is distinct. Wdr36 transgenic mouse will be

useful in combination with other models to identify molecules
responsible for this common pathway of RGC death.
Prediction by homology structure of Wdr36 was used to
analyze three mutant variants D606G, Del605—607 and
Del601-640, respectively (Fig. 1A). The missense change of
aspartic acid to glycine at position 606 interrupts the side
chain—side chain hydrogen bond Asp6060D2—-Arg595NH]I
without -affecting other hydrogen bonds that stabilize inter-
action between C6 and D6 B-strands (Fig. 6B, inset). This
minor change suggests that the mutation will show either no
effect or an insignificant structural change in the stability of
the protein with age that could potentially appear at a very
slow rate. In contrast, the mutation Del605—-607 removes resi-
dues from positions 605 to 607 corresponding to the B-strand
D6 (Fig. 6A—C, blue). This results i mterruption of five
hydrogen bonds in Wdr36 structure, and might affect the stab-
ility of the 6th blade of domain 2 (Fig. 6B). Although it is dif-
ficult to make a definite conclusion, our modeling predicts that
the polypeptide chain might still adopt a B-propeller confor-
mation. Thus, domain 2 will continue to adopt a seven-blade
B-propeller structure, suggesting that protein~—protein inter-
actions that mvolve residues after position 607 might be sig-
nificantly perturbed because all interacting residues will be
shifted by three residues from thewr original positions.
Further, this could exclude the mutant variant from the
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processes in the cell. :
The Del601-640 construct removes B-strand D6

closure mechanism . and hydrophobxc interactions betwee
blades 7 and 1 (Fig. 6C) ‘As a result; this change 51gn1ﬁcantl
decreases protein stability by ‘unlocking’ the circular structur
of the seventh-bladed B-propeller domain 2. The protei

would definitely be expected to. be misfolded, elther forming
insoluble aggregates or more likely be degraded n proteolytlc;
pathways related to chaperone-medlated autophagy (25) or to
the ubiquitin-proteasome systeni (26). If this ‘hypothesis is

correct, the mutant protein will be. exprcssed but’ ﬁmctmnally
inactive to influence the endogenous Wdr36. '

Overall, the functional evidence in. this study demonstrates_ 1he 1Iro; S d it
an essential role for Wdr36 in mouse retina. These results were incubate w1thbock

will provide basis for future research to determme how‘;

WDR36 variants leads to POAG

MATERIALS AND METHODS

Development of transgenic mouse ove1 expressmg Wt and
mutant Wdr36

Full-length Wdr36 ¢DNA was amplified from C57BL/6N
mouse heart total RNA using DNA polymerase (PrimeSTAR
HS DNA Polymerase, Takara, Tokyo, Japan) and cloned
into’ pBluescript II KS(+) (Stratagene, La Jolla, CA, USA).
D606G, and Del605—-607, was introduced by site-directed
mutagenesis (Quick Change XL Site Directed Mutagenesis
Kit, Stratagene) in accordance with manufacturer’s instruc-
tions. The primer sets used for mutagenesis of mouse Wdr36
DG606G and Del605-607 are 5'-CTGGGTGCCTTATCGGC
TGCTTTTTGTTGGAC-3', 5-GTCCAACAAAAAGCAGCC
GATAAGGCACCCAG-3' and 5-ACCTTCCTTCTGGGTGC
CTTTTTTTGTTGGACTCAGCGCC-3', 5-GGCGCTGAGTC
CAACAAAAAAAGGCACCCAGAAGGAAGGT-3' respect-
ively. Del601-640 was constructed by amplification of
mouse Wdr36 using primer set 5'-AATATTTCCCTCTATT
CAGTTGT-3' and 5-AGGAAGGTCCCAAGTCCTAA-?Y.
Mutated cDNA was inserted into pCMV-Tag5 vector with
chicken beta-actin promoter and CMV enhancer (pCAGGS)
kindly provided by Dr Junichi Miyazaki (Osaka University).
The Wt and mutant Wdr36 cDNA fragment was released
from the pBroad2 vector using Pac 1. The Wdr36 fragments
were injected into pronuclear stage BDF1/C57BL6N embryos
and transgenic mice were generated at PhoenixBio Co., Ltd
(Utsunomiya, Japan). Offspring from 32 donor mice were
screened for the transgene by isolating genomic DNA
from tail biopsies followed by PCR. Primers used for PCR
were: 5'-CAGAAACTCATCTCTGAAGAGGATCTGTAG-3
and 5-TTGTTCATGGCAGCCAGCATATGGCATATG-3'.
All experimental data were obtained from 16-month-old Wt
and mutant Wdr36 transgenic mice. All the experiments using
mice were performed in accordance with the Association for
Research in Vision and Ophihalmology statement for the Use
of Animals in Vision Research.

- ‘Immunohlstochemlstxy ‘

. ary antibody

native pattern of protein—protein interactions, affecting: bxo‘-j;nght mxcroscoplc hlstopathology of the optic nerve

chemical pathways and poténtlally leadmg to. degeneratlv  After euthamzed ‘mouse oyes were. dlSSCCth and immersed in

_ Davidson solution fixative overmght at 4°C. The eyes were

seventh blade, shown by bluc and green colot. respectively embedded i in paraffin and 'sectioned at 5 um thickness along

in Figure 6C. The deletion might dramatlcally affect E‘icle:paratfﬁmzanon and rehydratxon secnons were H&E stained.

the vertical meridian through the. 'optic nerve head. After

The eyes were sectloned at 5 p,m thlckness along the vertical
. meridian through the optic nerve head. Afier deparaffinization
- and rehydration, the tissue’ sect
Retr ieval Solution (Dako Cytomat
~ tlons after pcrfusmn with 4% paraformaldehyde (PFA), the
eye. balls were dlssected and mnnersed in OCT compound.

‘were treated with Target
Denmark). For cryosec-

ution for 1 h followed by over-

~~§ymght mcubatxon w1th primary antxbody against myc-tag (1:100

dilution; Abcam Cambrldge MA, USA), NeuN (1:100 dilution;

ki,~M1111pore Billerica, MA,; US4y, calretinin (1:500 dilution;

Sigma, Sigma-Aldrich, St Louis, MO, USA), tyrosme hydroxyl-

o lase (I 100 dilution; Mllhpore), PKC o (1 500 dilution; Mill- *
- ‘pore), synaptophysm (1:500 ‘dilution; Abcam) or ssDNA
. (1:500  dilution; ‘
- Japan) in phosphate—buﬂ’ered ‘saline. (PBS) contammg 1%
‘bovine serum albumin at 4°C. Slides were washed in PBS

- and then mcubated with Alexa 488 or Alexa 568 (1:500

Gunma,

Immuno-Biological - Laboratorses,

dilution; Invitrogen, Carlsbad, CA, USA) conjugated second-
and with 4/,6'-diamidino-2-phenylindole
(DAPI) for nuclear staining for 1 h at room teinperature. The
stained tissues were examined using confocal fluorescence
laser microscopy (Radiance 2000, Bio-Rad Laboratories, Her-
cules, CA, USA). As negative control of the immunohisto-
chemical staining, the sections were incubated with blocking
solution without primary antibody (data not shown).

‘Whole-mount immunostaining

The whole-mount immunostaining was performed essentially
as described (23,27). Anterior parts were dissected from enu-
cleated eyes. The posterior parts were fixed in 4% PFA/PBS
for 2h on iwice and then incubated with the anti-SMI32
(1:200 dilution; Sternberger Monoclonals, Balfimore, MD,
USA) and ssDNA antibody (1:500 dxlu‘aon Immuno-
Biological Laboratories) for 7 days at 4°C. Slides were
washed in PBS containing 0.1% Triton X~100 and then incu-
bated with Alexa 488- or Alexa 568-conjugated secondary
antibody (1:500 dilution; Invitrogen) and with DAPI for
nuclear staining for 2 days at 4°C. The retinas were then
mounted with Vectashield (Vector Laboratories, Burlingame,
CA, USA) and evaluated on a confocal microscope.

Measurement of IOP

The average IOP for each genotype was determined. IOP was
measured using an impact-rebound tonometer (Colonal
Medical Supply, Franconia, NH, USA) for mice of each geno-
type as described previously (i2). Using the rebound tono-
meter, we were able to measure IOP in awake and
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non-sedated mice of various ages. Measurement of IOP was
always performed i the moming between 10 am to noon.
The numbers of mice successfully assessed for each genotype
were 8 Wt mice and 32 mutant transgcmc mice at 16 months
after birth. ~ ,

Primary culture of retmal ganghon cells

To evaluate axon outgrowth of primary RGC, DeIéOS 607
muce were mated with Thyl-CFP transgenic. mouse (28—30)
[B6.Cg-Transgenic (Thyl-CFP) - 23Jrs/J] obtained. -from
Jackson Laboratory  (Bar ‘Harbor, ME, USA) to' develop
Del605— 607/T11y1 -CFP double transgenic mice. The double
transgenic mice at postnatal 5 .days were euthamzed and the
eye globes enucleated to dissect anterior parts from the eye.
The retinas were dissociated by SUMITOMO nerve-cell

culture * system/dissociation solutions - (Sumitomo Bakelite,

Tokyo, Japan) and cultured in SUMITOMO culture medium
for 7 days on poly-L-lysine-coated culture plates.

Molecular modeling of mouse Wdr36

The sequence of Mus musculus WD repeat domam 36 isoform
1, WDR36 (NP_001103485.1), was exported to protem
homology/analogy recognition engine Phyre version 0.2
(http://www.sbg.bio.ic.ac.uk/~phyre/) where C. elegans hom-
ologue of yeast actin interacting protemn 1 (UNC-78/AIP1)
(PDB file: 1nr0) was identified as the top-score structural
homolog hit and the structure of two consecutive WD40
domains was generated. Two structural domains m WDR36
protein sequence were confirmed with the program REPRO
(31). Amino acid sequences of mice Wdr36 and C elegans
UNC-78/AIP1 were aligned with PROMALS3D (http./
prodata.swmed.edu/promals3d). Individual WD40 repeat
motifs and Utp21 C-terminal domain were localized using the
modular architecture research tool SMART 6 available at
http://smart.embl-heidelberg.de. The Wdr36-1nr0 alignment
exported to Look version 3.5.2 to automatically generate hom-
ology models of mutant proteins with deletions Del605~607
and Del601-640 by the antomatic segment matching method
(32) followed by 500 cycles of energy minimization. The muis-
sense mutation Asp606Gly (D606G) was generated and
refined by self-consistent ensemble optimization (33), which
applies the statistical mechanical mean-force approximation
iteratively to achieve the global energy minimum structure.

Statistical analysis

All data were expressed as the mean + standard deviation (SD).
Statistical differences were analyzed by the ANOVA or Student’s
t-test. *P < 0.05 was considered statistically significant.
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