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TABLE 2
Primer used for cloning
Enzyme
Number Oligonucleotide sequence” Forward/Reverse site Description Type
1 ACGTCTCAAGGCCTCGCAGCGGTGACGAG Reverse Xhol Reverse primer Normal, in/del
2 ACGTGAGCTCAGATGCAGCCCAATCTTCTCCTARCA Forward Sacl Normal or in/del: full-length Normal, in/del
3 ACGTEAGCTCCCCTCCTTTCTCTCCCGGGTG Forward Sacl Normal or In/del: A82 Normal, in/del
4 ACGTG@AGCTCIGTCTAGCAGTGTCTACCCTGTGGCA Forward Sacl Normal: A298 Normal
5 ACGTGAGCTCGGTGTACCTGCTGTTARRGGAGGT Forward Sacl Normal: A384 Normal
6 ACGTGAGCTCAATGGGTGAGTAGGGATCGATTACA Forward Sacl Normal: A543 Normal
7 ACGTGAGCTCAATGGGTGAGTAGGGATGGATTA Forward Sacl In/del: A148 [n/del
8 AATGGCTGCAGTAGGGATGGATTACACC Inverse-F [n/del: Ain/del-F In/del
9 CCGGGAGAGAARGGAGGGCAR Inverse-R [n/del: Ain/del-R In/del

“ Boldface sequence, restriction enzyme site for cloning.

TABLE 3
EMSA probe sequence

Number Type Probe sequence

1 Sense AGATGCAGCCCAATCTICTCCTAACATCTGGATTCCTCTC
Antisense GAGAGGAATCCAGATGTTAGGAGAAGATIGGGCTGCATCT

2 Sense GATTCCTCTCTGTCACTGCATTCCCTCCTGTCATCCTGCC
Antisense GGCAGGATGACAGGAGGGAATGCAGTGACAGAGAGGARATC

3 Sense TCATCCTGCCTTTGTTTTCTTGCCCTCCTTTCTCTCCCGG
Antisense CCGGGAGAGAAAGGAGGGCAAGARAACARAGGCAGGATGA

4 Sense GGTGTACCTGCTGTTABAGGAGGTTACGACCTCTGATGCT
Antisense AGCATCAGAGETCGTAACCTCCTTTAACAGCAGGTACACC

5 Sense ATGCTGGCGTGGCCAGAGCGGATGGGAGTGGGTCTGGCAC
Antisense GTGCCAGACCCACTCCCATCCCCTCTGGCCACCCCAGCAT

6 Sense GGCACTCTGAGGARAGGGGGTGAAACCAGCTGAGARAGTCA
Antisense TGACTTCTCAGCTGGTTTCACCCCCTTTCCTCAGAGTGCC

7 Sense AGTCATCTTTTACCTGCTGGCATGGCCCCAGCCAGGGTTC
Antisense GAACCCTGGCTGGGGCCATGCCAGCAGGTAARAGATGACT

8 Sense CCCCAGCCAGGGTTCTGTTGCTATGGGAGAATGGETGAGT
Antisense ACTCACCCATTCTCCCATAGCAACAGAACCCTGGCTGGGG

9 Sense TCTCTCCCGGTTATTAATTAATTAACTAAAATTABRATTAT
Antisense ATAATTTAATTTTAGTTAATTAATTAATAACCGGGAGAGA

10 Sense AATTATTTAGTTAATTTAATTAACTAAACTAATGGGTGAG
Antisense CTCACCCATTAGTTTAGTTAATTAAATTAACTAAATAATT

of heparinized blood over a Ficoll-Paque PREMIUM (GE
Healthcare) gradient, according to the manufacturer’s instruc-
tions. The peripheral blood mononuclear cells were then cul-
tured at 37 °C in 5% CO, with plate-bound anti-CD3 monoclo-
nal antibodies (BD Pharmingen) in GT-T502 medium (Kohjin
Bio, Sakado, Japan) supplemented with recombinant interleu-
kin-2 (IL-2) at 175 Japan reference units/ml. After 5 days, acti-
vated peripheral blood mononuclear cells were collected and
transferred to 6-well plates (1.5 X 10° cells/well) coated with
anti-CD3 monoclonal antibodies, and the cells were incubated
for an additional 24 h. A solution containing Sendai virus vec-
tors that individually carried OCT3/4, SOX2, KLF4, and
¢-MYC (DNAVEC Inc., Japan) was added to each well. At 24 h
postinfection, the medium was changed to fresh CT-T502
medium. At 48 h postinfection, the cells were collected and
transferred to a 10-cm dish that contained mitomycin C-inac-
tivated mouse embryonic fibroblast feeder cells (6 X 10% to 6 X
10° cells/dish). After an additional 24 h of incubation, the
medium was changed to iPSC medium, which consisted of
DMEM/F-12 medium (Sigma) supplemented with 20% knock-
out serum replacement (Invitrogen), 1 mmM L-glutamine, 1 mm
non-essential amino acids, 0.1 mM B-mercaptoethanol, 50 units
of penicillin, 50 mg/ml streptomycin, and 4 ng/ml basic fibro-
blast growth factor (Wako Pure Chemical Industries, Osaka,
Japan). The iPSC medium was changed every other day until
colonies were picked, The generated iPSCs were maintained on
irradiated mouse embryonic fibroblast feeder cells in iPSC
medium. Culture medium for the iPSCs was changed every 2
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days, and the cells were passaged using 1 mg/ml collagenase IV
every 5- 6 days.

EMSA—Nuclear extracts were prepared with a CelLytic
nuclear extraction kit (Sigma), according to the manufacturer’s
protocol. The nuclear protein concentration of each sample
was determined using a BCA protein assay kit (Thermo
Scientific).

EMSA probes were 40 bp in length and are listed in Table 3.
Probes 1-3 were designed to cover non-insertion/deletion and
insertion/deletion regions (non-insertion/deletion, bp —4320
to —4220; insertion/deletion, bp —3936 to —3836). Probes 4—8
were designed to cover the non-insertion/deletion regulatory
region (non-insertion/deletion, bp —3936 to —3777). Probes 9
and 10 were designed to cover the insertion/deletion region
(insertion/deletion, —3836 to —3782 bp). Double-stranded
DNA probes were biotin-labeled using a LightShift chemilumi-
nescent EMSA kit (Thermo Scientific) and then were mixed
with nuclear extracts. After 20 min, the samples were subjected
to electrophoresis on 7% EMSA gels. After electrophoresis, the
samples were transferred onto Biodyne B precut modified
nylon membranes (Thermo Scientific). The membranes were
cross-linked in a UV transilluminator for 15 min and then were
incubated with blocking buffer and streptavidin-horseradish
peroxidase conjugates. Bound conjugates were detected using a
molecular imager (ChemiDoc XRS+, Bio-Rad).

RT-PCR—The iPSCs were removed from the feeder cells and
were rinsed twice with PBS. Total cellular RNA was extracted
with TRIzol reagent (Invitrogen), according to the manufactur-
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er’s instructions. RNA concentrations were determined by
measuring absorption values at 260 nm/280 nm. Reverse tran-
scription was performed using a SuperScript first strand synthesis
system for RT-PCR kit (Invitrogen). Primer sequences for hurman
OCT3/4, NANOG, SOX2, and GAPDH as well as the associated
PCR detection methods were created and performed according to
Seki et al (21). The primers used to detect human HTRAI
included AACTTTATCGCGGACGTGGTGGAG (forward) and
TGATGGCGTCGGTCTGGATGTAGT (reverse).

Quantitative RT-PCR—Total RNA was isolated from human
iPSCs with an RNeasy minikit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. An aliquot of
each sample was reverse-transcribed using a high capacity
c¢DNA reverse transcription kit (Invitrogen) to obtain single-
stranded cDNAs. Using an ABI STEP-One real-time PCR sys-
tem (Invitrogen) with TagMan probes for human HTRAI,
quantitative RT-PCR was performed according to the manufac-
turer’s instructions. All of the reactions were run in triplicate
using the ACt method, and detection of human GAPDH was
used as an internal control.

Liguid Chromatography-Mass Spectrometry (LC-MS/MS)—
Nuclear extract of 661W cells (50 ug) was combined with 100
pmol of biotin-labeled, double-stranded DNA probes in DNAP
buffer (20 mm HEPES, 80 mm KCl, 1 mm MgCl, 0.2 mM EDTA,
10% glycerol, 0.1% Triton X-100, 0.5 mm DTT). This proteins/
probes mixture was incubated at 4 °C for 30 min before 50 ml of
Dynabeads M280 streptavidin (Invitrogen) was added. The
mixture was incubated at 4 °C for 30 min. The beads-probes-
protein complex was then washed with 500 pl of DNAP buffer
three times for 30 min at 4 °C. The washed complexes were
mixed with 30 pl of SDS-PAGE sample buffer (Bio-Rad) and
were boiled for 5 min at 100°C. The boiled samples were
quenched on ice for 5 min before being separated by 7.5% SDS-
PAGE. Bands of interest were cut out of the gel and were pro-
cessed for in-gel digestion for further LC-MS/MS analysis. A
Thermo LTQ system (Thermo Scientific) and Scaffold 4 data
analysis software (Matrix Science) were used.

Immunohistochemistry—Eyes from wild type, HirA1 knock-
out, and HtrA1 transgenic mice (12, 16, 23) were resected and
immersed in a fixative containing 4% paraformaldehyde over-
night at 4 °C. The eyes were embedded in OCT compound and
frozen on dry ice. Sections of the frozen eyes (10 um) were
washed with 0.1% Tween 20, PBS (PBST) prior to permeabili-
zation with 0.3% Triton X-100, PBS for 15 min. After the sec-
tions were washed in 0.1% PBST, they were incubated with
blocking solution for 1 h, followed by an overnight incubation
at 4 °C with anti-rabbit HtrA1 antibodies (Abcam) in PBS, 2%

BSA. The sections were washed in 0.1% PBST three times and

then were incubated with Alexa Fluor 488-conjugated anti-rab-
bit 1gG antibodies (1:1000; Invitrogen) and DAPI (Dojindo,
Japan) for nuclear staining at room temperature. After 1 h, the
sections were mounted with Ultramount aqueous permanent
mounting medium (DakoCytomation, Glostrup, Denmark) and
were analyzed using a confocal fluorescence laser microscope
(LSM 700, Zeiss).

In Sity Hybridization—Eyes from HirAl heterozygous mice
were removed and immersed in 5% formaldehyde overnight at
4.°C. The eyes were then embedded in paraffin and sectioned
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(10 pm). In situ hybridization was performed using a Quanti-
Gene™ ViewRNA system (Affymetrix, Santa Clara, CA) using
HtrAl and LacZ probes according to the manufacturer’s
instructions.

Western Blotting—T otal proteins were extracted from mouse
brain tissues in ice-cold TNE buffer (10 mM Tris-HCl, 100 mm
NaCl, 10 mm EDTA, 0.1% Nonidet P-40) containing protease
and phosphatase inhibitors (Roche Applied Science). Protein
concentrations of the extracts were determined using a BCA
assay kit (Thermo Scientific). Equal amounts of protein (10
pg/lane) were separated by 7.5% SDS-PAGE and were trans-
ferred to PVDF membranes (Trans-Blot Turbo, Bio-Rad). The
membranes were then incubated with an anti-mouse HtrAl
antibody (1:100; Abcam) and an anti-a-tubulin antibody
(1:1000; Abcam). A FluorChem Western blot imaging station
(ChemiDoc XRS+, Bio-Rad) and image analysis software
(Image Lab, Bio-Rad) were used to calculate and normalize the
pixel value of each protein band.

RESULTS

Sequencing of ARMS2-HTRA1 Loci in Controls and AMD
Patients—To determine the genomic sequence of the LD block
represented by the SNP, rs10490924, in association with AMD
(6, 19, 24), ~10.5 kbp of the LD block (NC_000010.10) was
sequenced for 228 controls and 226 AMD patients. Two unique
sequences were identified in the regulatory region of ARMS2
and HTRA1 (Fig. 1). A C-to-A (C/A) variant was identified in
the regulatory region of ARMS2, —550 bp upstream of exon 1
(Fig. 1, A and B), and an insertion/deletion variant was identi-
fied immediately following the ARMS2 exon 2 in the regulatory
region of HTRA1, —3777 bp upstream of exon 1 (Fig. 1, A and
C). Sequence variations in both transcription regulators werein
complete LD with SNP rs10490924, thereby suggesting that
AMD and PCV pathogenesis are directly associated with these
variants,

The Effect of C/A and Insertion/Deletion Variants on ARMS2
and HTRA1 Regulatory Region Activity—To date, two hypoth-
eses have been proposed to account for the increased risk of
AMD that is observed. These involve an increase in the tran-
scription of HTRAI and/or the presence of unstable ARMS2
mRNA (7, 19, 24). To investigate the first hypothesis, regulator
activity for ARMS2 was assayed using constructs covering the
regulatory region from ~1,000 to +1 bp and from —600 to +1
bp. Both of these regions contain the C/A repetitive variant (Fig.
1D). Regulatory region activity was not detected for either the
non-C/A or C/A variants of differing length for retinal cell lines
(ARPE19, 661 W, and RGCS5 tested) (Fig. 1, E-G). Next, regula-
tor activity of HTRAI was assayed for the —4,320 to +1 bp

region of the non-insertion/deletion regulatory region and for

the —3,936 to +1 bp region of the insertion/deletion regulatory
region (Fig. 1H). Both regions had common sequences on both
ends of the regulatory region. Transcription regulator activity
was not found to be affected by the insertion/deletion variants
in the ARPE19 cell line (Fig. 11). However, activity of the inser-
tion/deletion regulator was significantly up-regulated com-
pared with the activity of the non-insertion/deletion regulator
in both the 661W and RGC5 cell lines, by ~2- and 3-fold,
respectively (Fig. 1, and K). Moreover, HTRA 1 non-insertion/
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FIGURE 2. The effect of the ARMSZ CIA : ’ram of the C/A variant plus HTRA1 regulatory

element inthe constructs used for lucife 5 g y reguon (contains C/A variant); orange region, region that
contains the HTRAT regulatory element; yellow region; the luciferase reporter gene). B, C/A variant plus non-insertion/delétion type HTRAT regulatory element
activity in 661W cells, C, C/A variant plus insertion/deletion type HTRA1 regulatory element activity in 661W cells. Error bars, 5.D. EV, empty vector; Norma,

normal type C/A variant; Risk, risk type C/A variant; N, non-lnsertlon/deletlon type HTRA? regulatory element l, msemon/deienon type HTRAT regulatory
element.

subSéqnenﬂy rﬁe‘anred following transfection of these vectors
(Fig. 2A). Neither the normal nor the risk type, C/A variants

deletion regulator activity was not detected i in the latter, sumlar
tothe emptyvector However, when the non‘msertlon/deletlon

regulator was replaced with the mser.tzon/ deletion regulator in
the 661W and RGC5 cell lines, HTRAI regulatory element
activity increased 2- and 3-fold, respectwely (Fig. 1)). To test
whether C/A variants in the transcription regulatory region of
ARMS2 influence HTRAI gene expression, both normal and
risktype ARMS2 C/A varxant (Fig. 2A) were cloned and fused to
the HTRAI transcnptmn regulafor of the non—msertmn/deie-
tion and insertion/deletion constructs. Luciferase levels were

‘affected H TRAI transcnptmn regulator actmty (Fig. 2, B and

0.

Endogenous Tmnscrzptwn Regulator Acttvzty and Protein
and mRNA Expression of HirAl in Mouse Retina Tzssues—To
examine the localization of HtrAl in the retina, eye sections
from both wild type and mutant (HtrAl knock-out, HirAl
transgemc) mice were stained with an anti-mouse HtrA1 anti-
body (Flg aA) Inboth wﬂd typeand HtrAl -Tg mouse sections,
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FIGURE 1. Transcription regulatory region of ARMS2 and HTRA1.'A; a schematic dxagram of the transcription reguiatory region of ARMS2 and HTRA1.

Sequencing of the indicated transcription regulatory region spanned 10.5 kbp and was performed for both- AMD and non-AMD controls. Two unique
sequences, a C/A repeat variant in the ARMS2 transcnptson ‘regulator (indicated with a blue box) and an insertion/deletion variant downstream of exon 2 of
ARMS2 (indicated with a red box), were identified in a patient with AMD that carried the SNP, rs10490924. B, characteristic C/A mutations present in the ARMS2
transcription regulatory region (blue, C/A variant; red, C to'A substitution). G, the znsertlon/deletuon mutations present in the HTRA1 transcription regulatory
region {blue, ARMS2 exon 2 region; red, point mutations). D-G, analysis of ARMS2 tra cription regulator activity using a- uciferase assay system. D, four
luciferase vectors were generated to analyze ARMS2 transcrlptxon regulator activity: normal {1 ,000 bp), normal (600 bp), risk (1,000 bp); and risk (600 bp). The
1,000-bp sequence contained a C/T SNP in the upper 730- -bp region from ARMS2 exon 1. ARMS2 transcnptzon regulator activity detected in ARPE19 cells (),
RGC-5 cells (F), and 661W cells (G). Error bars, S.D. H-K, HTRA1 transcription regulator actlwtydetected in various retinal cell lines. H, schematic diagram of the
ARMS2-HTRAT constructs used in the luciferase’ assays performed {black line, common regulator sequence; blue line, non-insertion/deletion regulator unique
sequence; red fine, insertion/deletion regulator unique sequence). Full-length HTRAT transcription regulator activity detected in ARPE19 cells (1), RGCS cells (¥,
p=7.5%10"%(J)),and 661W cells (**, p = 1.07 X 107®) (K). Error bars, 5.D. EV, empty vector; N/, non-insertion/deletion regulator; /, insertion/deletion regulator.
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A NC (mouse IgG)

HtrA1(+/+)

Merge

HtrAl expression was observed to localize to the photore-
ceptor cell layer (outer segment (OS) and inner segment (5)
in Fig. 3), the outer plexiform layer (OPL), and the ganglion
cell layer (GCL). In contrast, HtrAl expression in eye tissues
from heterozygous HtrAl mice was mainly localized to the
photoreceptor cell layer and the outer plexiform layer,
whereas minor expression of HtrAl was observed in the gan-
glion cell layer.

To localize HtrA1 transcription regulator activity in the ret-
ina, a heterozygous HtrAl knock-out mouse construct that
included B-galactosidase (B-gal) cDNA (LacZ) in place of exon
1 of Htral was used. B-Gal protein was abundantly expressed in
the outer nuclear layer (ONL), and lower levels of expression
were observed in the RPE, the inner nuclear layer (INL), and the
retinal ganglion cell layer (GCL) (Fig. 3B). In comparison, native
HtrAl protein was abundantly expressed in the OS and IS, with
lower expression levels detected in the RPE, the outer plexiform
layer (OPL), the inner plexiform layer (IPL), and the ganglion
cell layer (Fig. 2B). Purthermore, abundant transcription of
HtrAl mRNA was detected by in situ hybridization in retinal
sections from a HirAl heterozygous knock-out mouse (Fig.
3C). Taken together, these results suggest that HirAl is tran-
scribed mainly in the outer nuclear layer, outer plexiform layer,

2790  JOURNAL OF BIOLOGICAL CHEMISTRY

HirA1{+/-)

HUAL(L) . HAlTg

6oL
_ IPL
o
OoPL
ONL.

-

FIGURE 3. Htral transcription regulator activity and Htra1 protein expression in the mouse retina. A, immunohistochemistry to detect HtrA1 expression
in HErAT/*, HtrA1*/~, HtrA17™/~, and HtrA1-Tg mouse retinas (blue, DAPI; green, HtrA1). NC (mouse IgG), staining control; scale bars, 100 um. B, immunohisto-
chemistry to detect HtrA1 expression in Htr/A1*/~ mouse retinas (red, B-galactosidase; green: HtrA1; blue, DAP; yellow, merge). Scale bars, 100 um. C, in situ
hybridization to detect HtrAT expression in HtrA1*/~ mouse retina tissues (red arrowheads, HtrA1; blue arrowheads, -galactosidase). Scale bars, 100 um. OS,
outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

and ganglion cell layer, and then the protein product is trans-
ported to the photoreceptor layer.

Identification of Suppressing and Activaling cis-Elements in
the HTRAI Regulatory Element—T o analyze the mechanism of
insertion/deletion function in the HTRAI regulatory region,
both non-insertion/deletion (1, bp —4,320 to +1; 2, bp —4,238 to
+1;3,bp —4,022to +1;4,bp —3,936 to +1; 5,bp —3,777 to +1)
and insertion/deletion (6, bp —3,936 to +1; 7, bp —3,854 to +1; 8,
bp —3,788 to +1; 9, bp —3,836 to —3,788 defect mutant)
regions were cloned into a pGL4.10[/uc2] luciferase assay vec-
tor (Fig. 44). These cloned vectors were then transfected into
661W cells and were analyzed for HTRAI transcription regula-
tor activity. The activity of the number 2 region (bp —4,320 to
—4,239) non-insertion/deletion defect HTRAI transcription
regulator was 1.8 -2-fold higher than that of the number 1
region, and transcription regulator activity did not differ
between the number 2, 3, and 4 variants (Fig. 4B). In con-
trast, the activity of the number 5 transcription regulator was
20-30% higher than that of the number 4 variant (Fig. 4B).

In addition, activity of the number 6 insertion/deletion type

"HTRAI transcription regulator was 2- and 3-fold higher than

that of the number 1 non-insertion/deletion type transcription
regulator in 661W cells (Figs. 1K 'and 4C). Furthermore, activity
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Non-insertion/deletion type HTRA‘,‘{ regulatory elements
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FIGURE 4. Enhanced HTRA1 transcriptiol otoreceptor cell line, 661W. A,
constructs used for luciferase assay analys deletion regulator (443 bp); red
line, insertion/deletion regulator (54 bp); red boxe. > ' : ion/deletion regulator constructs;
gray line 9, insertion/deletion region). Band C, transcription regulator a /C d for the non-insertion/deletion and insertion/deletion HTRAT transcrip-

; tivity j
tion regulator assayed (in B, *, p = 1.05 X 1075**, p = 346 X 107%in.C, ¥ p = 2.2 X 1075 **, p = 0.0086; ***, p = 0,0062). EV, empty vector; error bars, S.D.
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Relative HTRA1 Transcription €
(HTRA1/GAPDH)

FIGURE 5. HTRA1 transcription'in humaniPSCs derived from wet AMD patien { on-insertion/deletion versus insertion/deletion versions

of the human HTRAT gene transcription regulatory region. B, detection of huma ~ marker g y RT-PCR. Detection of GAPDH was used as an internal
control, G, relative transcriptional fevel of HTRAT determined by quantitative RT- . divi

versus insertion/deletion (wet AMD) transcription regulators. Sample 1, 30-year-ol
old non-AMD male; sample 4, 71-year-old non-AMD female; sample 5, 7 1-year-old we

of the number 7 {bp —3,936 to —3,855 defect) region was 10%
higher than that of the number 6 region, and activity of the maybe regulatedb uppressor factors, whereas the msemon/
number 8 (bp —3,936 to —3,789 defect) region was lower than _ deletion type region from bp 3 836 to —3,789 may bind an
that of the number 7 region (Fig. 4C). In addition, the activ enhancer.

the number 9 (insertion/deletion defect) region was 10-20% EndogenousHTRAl Expresswn Is Enhanced by the]nsertzon/
lower than that of the number 6 insertion/deletion type tran-  Deletion Type Regulatory Element in AMD Patient iPSCs—To
scription regulator (Fig. 4C). Taken together, these results sug- determine the level of HTRAI expression in individuals with a
gest that both of the non-insertion/deletion type regions non-insertion/deletion type regulatory element sequence,
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A Transcription regulator activity region
| |
— o L— " Non-insertion/deletion
[ S— ‘n.h_\ . ppe—— e _
2 3 \“‘M. 5 6 “;W {
.

“ifisertion/ddletion

2 J——
10

10%FBS 2%FBS
ProbeNo. 1 2 345 6 78910 12345678 910

insertion/deletion

C D Non-insertion/deletion insertion/deletion
10% FBS 2% FBS
LIPS 0 10 30 60 0 10 30 60 min

60

~{Binding (216)

FIGURE 6. Identification of the transcription factors binding to non-insertion/deletion and insertion/deletion regions of the HTRAT transcription
regulators. A, location of the double-stranded DNA probes, 110, in the region upstream of the HTRAT coding region that were designed for EMSAs. Both
non-insertion/deletion and insertion/deletion HTRAT transcription regulatory regions were targeted. B, EMSAs of probes 1-10 using nuclear extracts from
661W cells cultured in 2 and 10% FBS. Red arrowheads, detected signals. C, increased expression of HtrA1 was detected in Western blot assays performed
following treatment of 661W cells with LPS (1 ;tg/ml, 0~ 60 min) using anti-mouse HtrA1 antibodies. Detection of a-tubulin was used as an internal control. D,
aVenn diagram shows the number of proteins found to bind the non-insertion/deletion versus insertion/deletion regions of the HTRA1 transcription regulator
based on LC-MS/MS data. E, gene ontology term of non-insertion/deletion- and insertion/deletion-binding protein {categorized by molecular function).
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iPSCs heterozygous and homozygous for the insertion/deletion
type regulatory element sequence were subjected to genotyp-
ing. From both control and AMD patients, iPSCs were collected
and categorized as having a non-insertion/deletion or inser-
tion/deletion genotype (Fig. 5A4). These cells were also assayed
for expression of the iPSCs markers, OCT3/4, NANOG, and
SOX2 (Fig. 5B), and levels of HTRA1 mRNA were measured by
RT-PCR and quantitative RT-PCR (Fig. 5, Band C). Individuals
with heterozygous or homozygous HTRAI insertion/deletion
type sequences showed an approximately 6- and 7-fold increase
in HTRAI mRNA levels, respectively, compared with individu-
als having the non-insertion/deletion type sequence (Fig. 5C).
In contrast, expression of HTRAI mRNA was not influenced by
the heterozygous or homozygous state of the insertion/deletion
type sequence.

Analysis of Regulatory Element-binding Proteins—To detect
proteins that bind the HTRAI regulatory element, EMSAs
were performed. Ten 3'-biotin-labeled double-stranded DNA
probes were generated in order to assay the transcriptional
activity of each region of the HTRA I regulatory element (Figs. 4
(B and C) and 64 and Table 3). In addition to the use of 661W
nuclear extracts in these assays, extracts of 661W cells grown in
10% FBS versus 2% FBS were also assayed; the latter conditions
were included based on the observation that HTRA1 family
proteins are known to mediate various stress response signaling
pathways (25-28). Thus, we tested 661W cell protein-probe
binding activity in a cell-stressful environment. Protein-probe
binding signals were detected for probes 1-3 and 6 —10 (Fig. 64)
in the presence of nuclear extracts from normally cultured
661W cells (Fig. 6B, left). These results suggest that the binding
pattern of the insertion/deletion sequence (included in probes
4—8) may differ greatly from that of the non-insertion/deletion
type sequence (number 9 and 10 probes). When the culturing
conditions for the 661W cells were changed from 10% to 2%
FBS, this drastically altered the protein-probe binding signal
pattern obtained (Fig. 6B, right). For example, a reduction in
FBS concentration resulted in the loss of two of three signals for
the number 2 probe, and it altered the probe-protein binding
pattern of probes 5-9. Detection of HtrAl expression further
demonstrated that HtrAl expression was enhanced in 661W
cells following starvation stress (Fig. 6C). Signaling pathways
involving the Toll-like receptor (TLR) family of proteins have
been shown to be associated with AMD pathogenesis (29), and
661W cells are known to express TLR-4 (30). Therefore, HtrAl
expression was assayed in 661W cells following stimulation
with a TLR-4 ligand, lipopolysaccharide (LPS). However,
HtrA1 expression was unaffected by this stimulation (Fig. 6C).

To identify the proteins that bind the regulatory element
region of HTRA1, both non-insertion/deletion and insertion/
deletion sequence-binding factors were analyzed by LC-MS/
MS. Non-insertion/deletion-binding protein samples were
incubated with probes 4—8, whereas the insertion/deletion-
binding protein samples were incubated with probes 9 and 10
(Fig. 6A). A total of 172 common binding proteins, 43 non-
insertion/deletion probe-specific binding proteins, and 60
insertion/deletion probe-specific binding proteins were identi-
fied (Fig. 6D). Using Scaffold 4 software, 19 transcriptional reg-
ulator proteins were detected (according to gene ontology (see
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the Gene Ontology Consortium Web site)) (Fig. 6E). These 19
factors were then classified according to their binding sequence
(Tables 4—6). Six non-insertion/deletion-binding probes were
found to bind PURB, NFIC, RUNX2, PEBB, APEX1, and
RBM14 proteins (Table 4), whereas three insertion/deletion-
binding probes were found to bind LYRIC (lysine-rich
CEACAM]1 co-isolated) protein, MED4, and PHF2 (Table 5).
Ten additional proteins were found to bind both the non-inser-
tion/deletion and insertion/deletion probes: ROAA, SHOX2,
CUX1, DDX5, DDX1, MED24, RBM39, JMY, TCP4, and
DDX17 (Table 6). In combination, these results suggest that
expression of HirAl is influenced by factors that specifically
bind this region and affect gene expression.

DISCUSSION

To the best of our knowledge, the present study provides the
first detailed characterization of regulatory elements for
HTRAI and the effect of insertion/deletion sequences associ-
ated with wet AMD. The insertion/deletion variant that exhib-
ited complete association with the SNP, rs10490924, is the only
major sequence change in this LD block and is likely to play a
major role in disease onset. Moreover, the insertion/deletion
variant in close proximity to ARMS2 and HTRAI has been at
the center of the discussion of whether one or both genes are
involved in AMD (19, 24). In the present study, the ARMS2
transcription regulator exhibited only marginal activity in each
of the cell lines tested, whereas robust up-regulation of HTRA
transcription regulator activity was observed in iPSCs derived
from AMD patients containing heterozygous or homozygous
forms of the insertion/deletion. Up-regulation of HTRAI in the
earliest stages of development is predicted to affect the entire
body (31).

HTRAL is known to be a TGF-$ suppression factor, and
some reports have suggested that HtrAl is expressed in skele-
tal, brain, lung epithelium, heart, and skin tissues in fetal mice
(31). Other reports have suggested that HTRAL is involved in
bone remodeling (e.g. RANK/RANKL signal-derived osteoclast
bone absorption and osteoblast differentiation) (32) and onco-
genesis in liver and lung cancers (33, 34). Thus, HTRA1 may
play an important role in cell growth and differentiation, tissue
and/or organ formation, and the onset of disorders. Corre-
spondingly, a transgenic mouse with expression of mouse
HirAl driven by a chicken actin (CAG) promoter was used to
establish a model for choroidal neovascularization, and this
model exhibited a significant reduction in tolerance to smoking
(23).

Detailed characterization of the transcription regulator
activity that surrounds the HTRA 1 insertion/deletion sequence
showed that suppressive regions are located between bp
—4,320 and —4,239 and between bp —3,936 and —3,778 in the
non-insertion/deletion sequence and between bp —3,936 and
—3,854 for the insertion/deletion sequence. In addition, the
insertion/deletion located between bp —3,836 and —3,783
exhibited transcription regulator activity unique to the inser-
tion/deletion sequence (Fig. 4). An analysis of these results
showed that the insertion/deletion variant interrupts a sup-
pressor cis-element and replaces it with an activator, and this
significantly alters HTRAI transcription in the photoreceptor.
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TABLE4
Non-insertion/deletion probe binding proteins
MS/MS view: identified Molecular Transcription regulator Peptide hit Peptide Hit
proteins Symbol mass Taxonomy Biological regulation Binding Molecular function activity score (non-indel)*  Score {indel)
kDa
Transcriptional activator PURB 34 M. musculus R tion of transcription,  Protein binding Transcription factor Transcription factor 3 0
protein Pur-8 NA-dependent activity activity
Nuclear factor 1 C-type NFIC 49 M. musculus  Regulation of transcription,  Transcription factor  Transcription factor Transcription factor 3 0
INA-dependent activity activity activity
Runt-related transcription ~ RUNX2 66 M. ! Positive regulation of Protein binding Transcription factor Transcription factor 2 0
factor 2 transcription from RNA activity activity
polymerase Il promoter
Core-binding factor PEBB 22 M. musculus  Positive regulation of DNA binding Transcription coactivator ~ Transcription coactivator 1 0
subunit 8 transcription from RNA activity activity
polymerase I promoter
DNA-(apurinic or APEX1 35 M. pusculus  Cell redox homeostasis Chromatin DNA Transcription coactivator  Transcription coactivator 1 0
apyrimidinic site) lyase binding activity activity
RNA-binding protein 14 RBMIl4 69 M. musculus  Regulation of transcription,  Nucleic acid binding  Ligand-dependent nuclear  Ligand-dependent nuclear 1 0
NA-dependent receptor transcription receptor transcription
coactivator activity coactivator activity
“indel, insertion/deletion.
TABLES
Insertion/deletion probe binding proteins .
MS/MS view: identified Molecular Transcription Regulator Peptide Hit Peptide Hit
proteins Symbol mass Ta y Biological regulation Binding Molecular function Activity Score (non-indel)*  Score (indel)
kDa
Protein LYRIC LYRIC 64 M. musculus  Positive regulation of NF-xB  Nucleolus Protein binding Transcription coactivator 0 20
transcription factor activity
activity
Mediator of RNA poly I MED4 30 M. musculus  Androgen receptor signaling  Thyroid hormone Transcription cofactor Transcription cofactor 0 2
transcription sug;nit 4 pathwa; receptor binding activity activity
Lysine-specific demethylase PHF2 121 M. musculus  Regulation of transeription, ~ Methylated histone  Transcription coactivator ~ Transcription coactivator 0 1
PHF2 INA-dependent residue binding activity activity

“ indel, insertion/deletion.
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TABLES

Non-insertion/deletion-probe and insertion/deletion probe-binding proteins

Peptide hit
score (indel)

tide hit
on-indel)?

Pe(;ln'l
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activity
M. musculus  Regulation of transcription ~ DNA bindin,
w g

1

Transcription coactivator

Transcription coactivator

14

TCP4

olymerase I1

activity

activity

m RNA polymerase I

promoter

coactivator

s

Activated RN.

transcription
pl5
Probable A

1

Transcription coactivator

tion of transcription,  Nucleic acid binding  Hydrolase activity

gxlfxaA-dependent

M. musculus R

72

DDX17

-dependent

activity

RNA helicase DDX17
4 indel, insertion/deletion.
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The EMSA and LC-MS/MS data also suggest that HTRA1 reg-
ulatory element activity is regulated by a number of transcrip-
tion factors (Fig. 6 and Tables 4—6).

When the proteins that bound the regulatory elements of the
non-insertion/deletion and insertion/deletion sequences of
HTRAI1 were analyzed using LC-MS/MS, LYRIC (also known
as MTDH/AEG1) was a high hit score insertion/deletion-bind-
ing protein that was identified (Table 5). LYRIC is known to
promote hepatocellular carcinoma and to activate the tran-
scription factor, nuclear factor x-B (NF-kB), and also has an
effect on bone and brain metastasis (35—-37). Regarding the lat-
ter, LYRIC may enhance the seeding of tumor cells at the target
organ endothelium. LYRIC also contributes to HIF-1a-medi-
ated angiogenesis (38), with HIF-1« playing an important role
in the activation of VEGF signaling in response to oxidative
stress (39). Recently, Oka et al. (25) reported that HTRAI gene
expression is enhanced by oxidative stress. This result is con-
sistent with the observation that AMD onset is associated with
a variety of stresses, and stress response factors may play an
important role.

Both common sequences (non-insertion/deletion (bp —4,320
to —4,220) and insertion/deletion (bp —3,936 to —3,836 bp))
and the insertion/deletion sequence (bp —3,836 to —3,782 bp)
are partially associated with ARMS2 exon 2, thereby indicating
that this exon represents a protein-coding region and a HTRA 1
regulatory element region. Recent reports have suggested that
both an increase in HTRAL transcription and a decrease in
ARMS? transcription confer an increased risk of AMD (8).
These insights suggest that ARMS2 gene expression may be
regulated by HTRAI transcription regulator activity via the
ARMS2 exon 2 region.

AMD pathogenesis and previous HTRAI experiments
related to AMD have been performed and discussed in relation
to the RPE (8, 16, 17). However, immunostaining of HTRAI in
mouse retinas in the present study showed that the majority of
transcription occurs in the photoreceptor cell layer (Fig. 3).
This result was confirmed when higher levels of transcription
from the HTRA1 insertion/deletion regulator were observed in
the photoreceptor cell line: 661W cells versus the RPE cells (Fig.
1,I-K). Photoreceptors are densely concentrated in the macula
(40), which predicts that HTRA1 will also be concentrated in
the macula. A recent report using transgenic mice overexpress-
ing human HTRA1 in the RPE showed that PCV-like capillary
structures could be observed in the choroid. Vierkotten et al.
(17) also observed fragmentation of the elastic layer in Bruch’s
membrane, and Jones et al. (16) reported branching of choroi-
dal vessels, polypoidal lesions, and severe degeneration of the
elastic lamina or tunica media of choroidal vessels in the same
model. When HtrAl expression was driven by the CAG pro-
moter in a transgenic mouse model, an even more severe phe-
notype was induced compared with previous reports of AMD
patient-like choroidal neovascularization (23). These results
indicate that overexpression of HtrA1 alone can evoke choroi-
dal vasculopathy or neovascularization, and they also provide
supporting evidence for the association of the insertion/dele-
tion variant of HTRA1 regulatory element with wet AMD (7, 8).
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Pureose. We determined the function of ARMS2 and HtrAl in the choroid and retina using
transgenic (Tg) mice and evaluated the effects of mainstream cigarette smoke on these mice.

Mernops. The chicken actin promoter (CAG) was used to drive mouse Hird 1, human ARMS2,
and ARMS2 (A69S) expression in the entire body of a mouse for one year. Fundus

observations were performed with a Spectralis HRA+- optical coherence tomograph (OCT).

Eyes were: sectioned, stained with: hematoxylin and cosin (H&E), and analyzed with
unmunohlstoahemxstry Mice were e)\poscd to cigarette smoke for 30 min/d, 5 d/wk for 12
weeks: using a mainstream smoking chamber (INHOGCIGROZA MIPS). After 12 weeks, fundus
observanons 'md path()lo;,xml analyses were performed.

Resuuts. Approximately 18.2% of 12-month-old HtrAl Tg mice exhibited choroidal
neovascularization (CNV) by OCT and positive immunostaining with anti-CD31 and anti-
fibronectin antibodies. Furthermore, elastic van Gieson (EVG) staining showed Bruch’s
membrane damage in Hirdl ‘Tg mice. No retinal changes were observed in ARMSZ and
ARMS2 (A69S) Tg mice. A total of 12 weeks of exposure to mainstream cigarette smoke led to
CNV rates of 7.7% for wild type (Wt) mice and 20% for HitrA1 Tg mice, but had no effect on
ARMS2 Tg mice. In addition, abnormal deposits were observed between photoreceptor cells
and the RPE in an Hird 1 Tg mouse exposed to mainstream cigarette smoke.

Concrusions. The Hirdl overexpression and mainstream cigarette smoke can independently
lead to CNV. The Htrd1 gene is a strong risk factor for wet AMD, but not all of the HtrA1 Tg
mice developed CNV, suggesting that CNV development depends on multiple risk factors.

Keywords: age-related macular degeneration, HtrAl, ARMS2, CNY, transgenic mouse

gerelated macular degeneration (AMD) is the leading cause

of severe irreversible central vision loss and blindness in
individuals over 65 years of age in developed countries.!* This
condition is separated into two types based on pathological
characteristics. In dry AMD, drusen deposits are observed
initially between the retinal pigment epithelium (RPE) and
Bruch’s membrane (BM) and there is a gradual progression to
geographic atrophy, whereas in wet AMD, vision loss occurs by
choroidal neovascularization (CNV) or polypoidal choroidal
vasculopathy (PCV) of the macula.? Caucasian AMD patients
predominantly exhibit geographic atrophy, while Japanese
AMD patients present with CNV or PCV with few or no
drusen. > Genetic and environmental factors are believed to-be
involved in the onset of AMD.® A recent genome-wide
association study (GWAS) revealed more than 30 AMD
susceptibility gene loci.47-? Single nucleotide polymorphisms
(SNPs) in complement factor H (CFH), such as 15800292 (162V)
and 151061170 (T402H) on chromosome 132, have been
associated with AMD in Caucasians,®71% but not with AMD in
Chinese or Japanese patients.”'-16 Another locus strongly
associated with AMD is on chromosome 10q26, which is the

chromosome where ARMS2 (age-related maculopathy suscep-
tibility) and Hitrd 1 (high-temperature requirement factor Al)
also are located.!® Our previous GWAS study also showed
strong associations between SNPs rs10490924, rs800292, and
152241394 at the same locus, and wet AMD and PCV in
Japanese patients. Within the linkage disequilibrium (D) of
these SNPs, a large insertion/deletion (indel) sequence variation
was found downstream. of ARMS2 at the promoter region of
HTRA157

It has been controversial whether this indel variant is
responsible for the instability of ARMS2 mRNA or for the
upregulation of HIRAI transcription.!918-22 We showed that
the indel in the HTRA I promoter upregulates transcription in a
photoreceptor-derived. cell line, but not in the RPE (data not
shown; Iejima et al., submitted for publication). The presence
and localization of ARMS2 also has been controversial, 192324 A
previous stady found that ARMS2 localized to the mitochondria,
and that ARMS2 and ARMS2 (A698) were found in extracellular
fractions;?> Another study showed that ARMS2 was distributed
primarily in the cytosol rather than in the outer membrane of
mitochondria. 24 In addition, a study suggested that ARMS2 is

Copyright 2014 The Association for Rescarch in Vision and Ophthalmology, Inc.
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Ubiquitous expression of mouse Hirdl, human ARMS2, or ARMS2 (A695) using the CAG promoter in mice. (4) Westera blot analysis of

mouse HirAl expression in the brains and eyes of mice. HirA 1 expression was detected in brains and eyes using an anti-HtrAl and and-HA antibody.
The relative intensity of a band for the transgenic eye tissue toward a housekeeper was taken as 1.0. The HirAl protein level was significantly higher
in the Herd 1 Tg mouse eye than in the Wt mouse eye: (B) Quantitative real-time PCR determination of HirA7 mRNA levels from total RNA isolated
from brains and eyes of Wt and HirA 7 Tg mice. The Wt mouse brain was assigned a value of 1.0. The Herd / mRNA level in an HtrA4 1'Tg mouse was
significantly higher than in a Wt mouse. (C) Western blot analysis of human ARMS2 expression in the mouse brain and eye. The ARMS2 protein was
detected in transgenic mouse using an anti-ARMS2 antibody. (D) Analysis of ARMS2 mRNA expression in ARMS2 and ARMS2 (A69S) Tg mice by
PCR amplification. The ARMS2 mRNA was detected in the brain and cye.

not syathesized in individuals homozygous for the indel
variant; thus, ARMS2 may be the AMD risk-factor within this
locus.?® Furthermore, SNPs in ARMSZ2 that change alanine to
serine at codon 69 (AG9S) may function as surrogate markers
for the downstream indel. The ARMS2 gene consists of two
exons, which encode a poorly characterized 107 amino acid
protein with no similarities to known protein motifs.?? In this
study, ARMS2 and ARMS2 (A69S) were expressed ubiquitousty
in mice to observe their effects on eye development and aging.

Environmental risk factors also have been associated with
AMD. Smoking is a major environmental risk factor that
increases disease onset approximately 2- to 20-fold.”25-31
Cigarette smoke, which contains chemical toxins, may affect
metabolic processes in the RPE by repressing the release of
antioxidants and by altering ¢horoidal blood flow.” A recent
report showed that smoking damaged mitochondrial DNA, but
not nuclear DNA, and increased degradation processes-in the
RPE.3? A number of studies found an independent association
between smoking and the risk of advanced AMD with no
susceptibility genes acting as modifiers, except ARMS2.733 In
mouse models, exposure to cigarette smoke led to oxidative
damage with structural degradation of the RPE and BM.3!
Smoke-related oxidants also led to the formation of subretinal
deposits.5®

Based on the observation that HirA1 expression was higher
in fibroblasts isolated from AMD patients than in fibroblasts
from healthy subjects,'® we created human ARMS2, human

ARMSZ (A69S), and HitrA1 trapsgenic (Tg) mice. We used the
chicken actin promoter (CAG) to ubiquitously express these
genes, We. characterized pathological changes during aging and
compared them to those observed in human AMD patients.
Pathological changes were observed for up to 12 months after
birth by fundus observation, fluorescein angiography (EA),
indocyanine green angiography (IA), and optical coherence
tomography (OCT). Because upregulation of susceptible genes
and mainstream cigarette smoke are two essential risk factors
for AMD, Tg mice also were exposed to mainstream cigarette
smoke to evaluate genetic and environmental risk factors for
disease progression.

MeTHODS

Construction of ARMSZ, ARMS2 (469S), and Hirdl
Tg Mice

The ARMS2 ¢DNA was PCR amplified (PrimeSTAR HS DNA
Polymerase; TaKaRa Bio, Otsu, Japan) from a human retina
cDNA library (Clontech Laboratories, Inc., Mountain View, CA,
USA) and ligated into pCAGGS, an expression vector contain-
ing a CAG promoter and an HA-+tag at the Cterminus. The
HirAdl cDNA was PCR amplified from a mouse brain ¢cDNA
library and ligated into pCAGGS, an expression vector
containing a CAG promoter and an HA-tag at the N-terminus.
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Fiure 2. No retinal abnormalities in 12-month-old ARMS2 Tg and ARMS2 (}4'69‘9) Tg mice by fundus obsé'rvatioh. The ARMS2 Tg and ARMS2
(4695) Tg mice showed no retinal abnormalities at 1 year by fundus observation (scale bars; 200 pm) and H&E staining (X40 magnification; scale

bars: 20 pm).

Linearized inserts were injected into pronuclear stage BDF1/
C57BLON embryos to create the Tg mice (PhoenixBio Co.,
Hiroshima, Japan).

The ARMS2 and ARMS2 (A69S5) Tg mice were sereened by
PCR (PrimeSTAR HS DNA Polymerase; TaKaRa Bio) using the
forward primer 5-ATGCTGCGCCTATACCCAGG-3' and the
reverse primer 5-AGTGTCAGGTGGTGCTGAGG3' followed
by Sanger sequencing (BigDye Terminator v3.1 C yclc Sequenc—
ing Kit; Invitrogen, Carlshad, CA; USA). The Hir4l Tg mice were
screened by PCR using the forward primer 5’~GAGCC1‘CTGC
TAACCATGTTGA-3' and the reverse primer 5".CAGCAGTAG
CAAAGACAGGAGCS' followed by Sanger sequenicing.

Nine Tg lines with 2 to 11 copies of mouse Hird1 ¢DNA
were generated. The Tg line with 11 copies was selected and
bred with C57BL6N for seven’ generations befor¢ using the
mice for experiments. All experiments were approved by the
National Hospital Organization Experimental Animal Commit-
tee and the Hoshi University Experimental Animal Committee.
All mice experiments were performed in'accordance with 'the
Association for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and Vision
Research.

‘Western Blotting

Proteins from mouse brain and eye tissue were extracted in ice-
cold TNE buffer containing protease and phosphatase inhibj-
tors (1697498; Hoffmann-La Roche, Basel, Switzerland).
Protein concentrations were determined using the BCA assay
kit (Pierce; Thermo Fisher Scientific, Waltham, MA; USA). Equal
amounts of protein (25 pg/lane) were separated by 7.5% SDS-
PAGE and transferred to polyvinylidine fluoride (PVDF)
membranes (Trans-Blot Turbo; Bio-Rad Laboratories, Inc.,

Hercules, CA, USA) for Western blotting with anti-mouse HirAl
(1:100 dilution; ab38611; Abcam, Cambridge, UK), anti-HA
(1:1000 dilution; 631207; Clontech Laboratories, Inc.), ant-
fiuman ARMS2 (1:1000 dilution; ABN160; Millipore Corpora-
tion; : Billerica,  MA; USA), and anti-actin (1:1000 dilution;
MAB1501; Millipore Corporation) antibodies. The FluorChem
Western. Blot Imaging Station (ChemiDoc XRS+; Bio-Rad
Laboratories, Inc.) was used to capture the images. The pixel
value for each protein band was determined and normalized
using image analysis software (Image Lab; Bio-Rad Laboratories,
Inc.).

Quantitative RT-PCR (qRT-PCR)

Total RNA was 1solatud from the eyes and brains of Tg and wild
typc (Wt) mice using an RNeasy Mini kit (Qiagen, Venlo, The
Netherlands) accordmg to the manufacturer’s instructions, and
ahquots WEre reverse transcrxbed to generate singlestranded
¢DNA. (Hx;,h Capac1ty CDNA Reverse Transcription Kit; Life
I‘echnologxes Carlsbad CA, USA). The qRT-PCR was per
formed using an- ABI STEP-One Realtime PCR system (Life
"Technofogies) and a TaqMan probe (mouse HitrA 1) according
to the manufacturer’s instructions, All reactions were run in
triplicate using human glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as the internal control and ACt normalization.

RNA Preparation and PCR Amphﬁcation in ARMS2
(4695) Tg Mice

Total RNA was isolated: from mice ‘brains and eyeballs using
TRIzol Reagent (Life Technologies). Single-stranded oligo (dT)-
primed ¢DNA was generated  using Superscript Il Reverse
Transcriptase - (Life Technologies).- The ARMS2 was PCR
amplified (PrimeSTAR HS DNA Polymerase, TaKaRa Bio) using
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Ficure 3. The 12-month-old HirA7 Tg mice developed CNV. (A) The Hird Tg mice showed hyperfluorescent lesions by FA (red asterisks) and
networks of abnormally branching vessels by 1A (vellow asterisks). (B) The CNV was observed in the choroid and retina by OCT (red arrowbeads;
scale bar: 200 pm). (C) The H&E staining of the FA and 1A Iesions on the retinal sections showed radial CNV spreading from the choroid through the
RPE into the retina (black asterisks; X40 magnification; scale bars: 20 pm). The endothelial cell marker CD31 was stained (green) in a radial CNV
Quwhite arrowheads; scale bars: 20 pm). Nuclei were stained with DAPI (blue). (D) The EVG staining of BM (red arrowbeads). The HirAI Tg mice
displayed ruptures and deficiencies in the BM (red ‘asterisks; X100 magnification; scale bars: 10 jum).

the forward primer 5’-GCCAACTGGAGCTTCTCATC-3 and the
reverse primer 5-GATTTCACCAGCTGCACAGA-3’. Mouse
GAPDH (450 base pairs [bp}) was used as the control (forward
primer, 5-GGGGAGCCAAAAGGGTCATCATCT-3'; reverse
primer, 5-CGACGCCTGCTTCACCACCTTCTT3").

Angiography Observation and Retinal OCT of CNV

For in vivo imaging, 12-month-old ARMS2, ARMS2 (A69S), and
Hird]l Tg mice were anesthetized by injecting ketamine
(Daiichi Sankyo, Chuo, Japan) at 0.002 mL/g body weight into
their abdominal cavities. Pupils were dilated with 5 mg/mL
Tropicamide (Santen Pharmaceutical Co., Ltd., Osaka, Japan).
Fundus examinations were performéd using a small animal
retinalimaging microscope (Micron HI; Phoenix Research
Products, Candler, NC, USA). The FA, IA, and OCT studies
were performed using a retinal-imaging device (Spectralis
HRA+OCT, Heidelberg Engineering, Heidelberg, Germany).
Retinal vasculature imaging by FA and choroidal vasculature
imaging by IA were performed simultancously. Morphological
changes, and angiographs of mouse retinas and choroids were
visualized by OCT using a 3.2-mm diameter polymethyimetha-
crylate (PMMA) mouse contact lens (Ocular Instruments, Inc.,
Bellevue, WA, USA) to adjust the light path. Mice were tail-
injected with 100 pL fluorescein sodium (100 mg/mlL, 1:10
dilution; Alcon, Fort Worth, TX, USA) immediately before
imaging and with 100 pl indocyanine green (25 mg/3 mL,
1:10 dilution; Santen Pharmaceutical Co.) 5 minutes before
imaging.

Histology and Immunohistochenﬂstry

Mice were anesthetized by injecting 1 mL pentobarbital (64.8
mg/mL, Kyoritsu Seiyaku, Tokyo, Japan) into their abdominal
cavities and their hearts were cut open to sacrifice the mice.
The eyes were removed qmckiy and immersed in a fixative
solution containing 5% formaldehyde overnight at 4°C. The
eyes were embedded in paraffin and sectioned at 5-pm
thickness. After deparaffinization and rehydration, sections
were hematoxylin and eosin (H&E) stained and elastica van
Gieson (EVG) stained (Elastic Statin kit HT254A, Sigma-Aldrich
Corp St. Louis, MO USA). The H&E- and EVG~5tamed images
were collected using a Nikon Echpse light microscope (Nikon
Corporation, Tokyo, Japan). After deparaffinization and rehy-
dration, eye sections were treated with Target Retrieval
Solution (DakoCytomation, Glostrup, Denmatk) at 120°C for
10 minutes. They then were incubated with blocking solution
for 1 hour followed by overnight incubation with primary anti-
CD31 antibody (1:50 dilution; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA) in PBS containing 2% BSA at 4°C. Sections
were washed with PBS three times and then were incubated
with Alexa Fluor 488 conjugated rabbit anti-mouse IgG (1:500
dilution; Life Technologies) and 4'6-diamidino-2-phenylindole
(DAPY) for nuclear staining (1:1000 dilution; Wako Chemicals
GmbH, Neuss, Germany) for 1 hour at room temperature.
Slides were mounted with Ultramount Aqueous Permanent
Mounting Medium ‘(DakoCytomation) and viewed with a
confocal fluorescence laser microscope (LSM 700, Carl Zeiss
Meditech, jena, Germany).
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Frure 4. Effect of cigarette smoke on CNV in12-monthold Wt and Hir41 Tg mice. (A) The 12-monthrold Wt and Hird I Tg mice were exposed to
mainstream cigarette smoke (ditluted 1:7 with compressed air) from Natural America Spirit cigarettes (feff). Mice were phced into smoke chambers
(righty for 30 min/d, 5 d/wk for 12 weeks. The smoke flow rate was 0.35 L/mid.’ (B) After 12 weeks of exposure” to- cigarette smoke,

hyperfluorescent lesions were observed by FA and networks of abnormally branching vessels were observed by IA in Wt and Htrdl Tg mice (red
boxes). The networks of abnornuly branching vessels spread further and were more clearly visible in f#trd £ Tg mice than in Wt mice. (C) The OCT
of FA and 1A lesions in Wt and HirAI Tg mice, respectively. Photoreceptor cells were thinner. HirA1 Tg mice displayed more severc retinal
abnormalities than Wt mice (red arrowbeads, scale bars: 200 pum). (D) Retinal sections stained with H&E displayed radial CNV formations (black
arrowheads; X40 magaification; scale bars: 20 pm). (B) The endothelial cell macker CD31 was stained (green) within a radial CNV formation (white
arrowbeads; scale bars: 20 im). Nuclei were stained with DAPL (biue). (F) The EVG staining showed ruptures or deficiencies in the BMs of Wt
mice, but HfrA7 Tg mice showed more BM damage after exposure to mainstream cigarette smoke (red asterisks, X100 magaification; scale bars: 10
). ’ ;

(Diatome Ltd., Biel, Switzerland) and mounted on 200 mesh
copper grids. Ultrathin sections were stained with uranyl
acetate for 10 minutes and with a lead staining solution for 5
minutes; stained sections ‘were submitted for TEM (JEM-
2000EX and JEM-1200; JEOL ‘Ltd., Akashima, Japan) to the
Hanaichi Ultrastructure Research Institute (Aichi, Japan).

Transmission Electron Microscopy (TEM)

Mice eyes were dissected and immersed in a fixative containing
2% formaldehyde overnight at 4°C. Tissue samples for TEM
were fixed in phosphatebuffered 2% glutaraldehyde ' (EM
grade; Electron Microscopy Science, Hatfield, PA, USA) and
postfixed in 2% osmium tetroxide (Crystal; Heraeus Chemicals,
Port Elizabeth, South Africa) for 3 hours in an ice bath.

, e to Mainstream Cigarette Smoke
Specimens then were dehydrated in graded ethanol (Nakarai Exposur i &

Tesque, Inc., Nakagyo-ku, Japan) and embedded in epoxy resin
(TAAB Laboratories, Berkshire, UK). Ultmthin “sections were
cut at 70 to 80 nm by an ultramicrotome with diamond knives

The 12-month-old ARMS2, ARMS2 (A695), Htrdl Tg, and Wt
mice with normal fundi were exposed to mainstream cigarette
smoke for 30 min/d, 5 d/wk for 12 weeks using a mainstream
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Tase 1. CNV in Wi, Hted1, ARMS2, and ARMS2 (A695) Tg Mice
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Tasie 3.  Effect of Cigarette Smoke on Subretinal Deposits in Htrd I Tg
Mice

Htrdl ~ARMS2 . ARMSZ2 (A69S)
Wt Tg Tg o Tg Wt Htrdl Tg ARMS2Tg
N of mice 40 22 20 20 - N of mice exposed to smoke,
N of mice with CNV 0 4 0 S0 30 min/d, 5:d/wk, 12 wks 13 10 9
CNV rate, % 0 182 . 0 0 & of mice with subretinal deposits . 0 1 0
Subretinal deposits ratc % - g 0 10 0

Approximately 18.2% of HirAI Tg mice displayed CNV P < 0.005,
Fisher’s exact test.

smoking chamber for small animals (INHOG-CIGRO2A, MIPS,
see Fig. 4A). Natural American Spirit cigarettes, which contain
12 mg of tar and 1.5 mg of nicotine per cigarette, were used in
this experiment. Mainstream cigarette smoke was diluted 1:7
with compressed air. Mice were placed in the chamber and
exposed to smoke at a flow rate of 0.35 L/min: Control mice
were placed in the chamber without cigarette smoke to
evaluate the effect of stress on the retina. After 12 weeks of
exposure to mainstream cigarette smoke, fundus observations,
FA, 14, and OCT were performed: Mice then were sacrificed for
eye sectioning followed by H&E staining and 1mmunostamm§,
All experiments ‘were approved by the National Hospital
Organization Experimental Animal Commlttec and the Hosh1
University Experimental Animal Commxttee All mice’ experi-
ments were performed in accordance with the ARVO
Statement for the Use of Ammals in Ophthalrmc and V;sxon
Research. il

Statistics

Data of gRT-PCR were analyzed using the StatView 5.0
statistical software package (SAS Institute, Inc., C!ﬁcago, IL,
USA). Continuous data between two groups were compared
using Student’s rtest. All pathological data were analyzed using
Fisher’s exact test. P values < 0.05 were considered statistically
significant.

REesuLTS

Ubiquitous Expression of Mouse Hirdl and
Human ARMSZ in Mice

The CAG was used to create Tg mice that overexpress mouse
HirA X, human ARMS2, or ARMS2 (469S). An HA-tag at the C-
terminus of recombinant HtrAl was used to detect expression
of recombinant Htral in the brains and eyes of mice by
western blotting.

Levels of HtrAl in the brains and eyes of mice were studied
by Western blotting. The HtrAl levels were 6.6- and 3.0-fold
higher in HtrA1 Tg mice brains and eyes, respectively, than in
Wt mice brains and eyes (Fig. 1A). In addition, HtrA1 mRNA
levels were higher in Htrdl Tg mice than in Wt mice. The
brains and eyes of Hirdl Tg mice had 93.2- and 98.2-fold

Tase 2. Effects of Mainstream Cigarette Smoke on CNV and
Subretinal Deposits in Wt and Hird7 Tg Mice

Wi Hirdl Tg ARMS2'Tg
N of mice exposed to smoke,
30 min/d, 5 d/wk, 12 wks 13 10 9
N of mice with CNV 1 2 0
CNV rate, % 7.7 20 0

There was no significant difference in the CNV rates of Hird1 Tg
and Wt mice. P > 0.5, Fisher's exact test.

Of HtrAI Tg mice, 10% had subretinal deposits (P > 0.05, Fisher's
exact test).

higher HtrA1 mRNA levels, respectively, compared to Wt (Fig.
1B). i

Human ARMSZ_was detected .in the brains and eyes of
ARMS2 Tg mice (Fig. 1C): The ARMS2 and ARMSZ (AGIS)
mRNAs were detected in the brains and eyes of ARMS2 and
ARMS2 (A6)S) Tg mice (Fzg 1D). Fundus observations and
H&E stains of eye sections shqw,cd that ARMS2 and ARMS2
(469S) Tg mice had no abnormalities in their retinas and
choroids up to 12 months after birth (Fig. 2).

HirAl Tg Mice Develop CNV but ARMS2 and ARMS2
(A69S) Tg Mice Remain Normal

Fluorescein diapedesis was observed in Hird1 Tg mice fundi,
suggesting the: breakdown of the blood-retinal barrier (BRB)
and aggravation of retinal vascular permeability. Lesions with
low fluorescence were observed in HirA1 Tg mice choroids by
1A and mdlcated the presence of ‘networks of abnormally
branched -vessels (Fig. 3A). Addmonally, radial capillary
branching from the choroid through the RPE and into the
retina was observcd by OCT (Fig. SB) Radial CNV formation
was explored further by H&E staining and immunostaining
with anti-CD31, a marker for endothelial cells (Fig. 3C).
Furthermore, HtrA1 Tg mice showed ruptures and deficiencies
in BMs by EVG staining (Fig. 3D). Of the 22 1Z-month-old
HirAl Tg.mice examined, four developed CNV (18.2%),
compared to none of the 40 12-month-old Wt mice. In
contrast, none of the 20 12-month old ARMS2 and ARMS2
(A695) Tg mice had any abnormal retinal changes (Table 1).

Mainstream Cigarette Sioke Leads to CNV in
Hirdl Tg and Wt Mice

The Htrdl Tg, ARMS2 Tg, and Wt mice were exposed to
mainstream cigarette smoke as described in the Materials and
Methods section. All mice used for this experiment were 12
months old. Two of 10 Htrd1 Tg mice that were exposed to
mainstream cigarette smoke developed CNV (Table 2),
compared to none of the control group that was exposed to
air (Table 4). The HtrAl Tg mice exposed to mainstream
cigarette smoke displayed hyperfluorescent lesions by FA and
lesions with low fluorescence by JA. Networks of abnormally
branching vessels were observed in lesions with low fluores-
cence (Fig. 4B). The OCT:images ‘of the FA and IA lesions
showed abnormal morphological changes in the choroid and

Tase 4. No Retinal Changes Were Found in Wi, Hird]l Tg, and
ARMS2 Tg Mice Exposed to Air

Wt HirdlTg ARMS2Tg

N of mice exposed to air,

30 min/d, 5 d/wk, 12 wks 10 10 10
N of mice with CNV 0 0 0
N of mice with subretinal deposits 0 0 0
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Wt/ Cigarette smoke (-)
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HirA1 Tg | Cigaretle smoke (+)

HtrA17Tg / Cigarett smoke

Freure 5. Effect of cigarétte smoke on'subretinal deposits in 1

¢ -month-old Hird 1 ’I‘g mice, (A) Rctuul elcctron micrograph of an Hird 1 Tg mouse
exposed to smoke shows RPE degenemuon with severe’ pigment loss and vacu

tion (red an'owbeads) Abnormal deposits were observed

between photoreceptor cells and RPE cells in an Hird1 Tg mouse exposed to smoke (red boxes X20 magmﬁcatxon, scale bars: 20 pm). (B)
Vacuolization (black asterisks) and the fragmented outer segment (md arrowbeads) were observed in RPE (ower left). Pliotoreceptor cells were
aligned in a disorderly manner and vacuolization occurred between and within the inner segment (Jower middle, black asterisks). Basal infolding
with thick subretinal deposits (black an‘owbeads) and a BM lacking elastic Iamma (red asterisks) were observed (lotver right photo). BI, basal

infolding; EL, elastic lamina. Scale bars: 2 pum,

retinal layer (Fig. 4C). Radial CNV spreading from the choroid
to. the retina-was observed by H&E staining and confitmed by
immunostaining with anti-CD31 (Figs. 4D, 4E). The HtrAl Tg
mice showed ruptures and deficiencies, in BMs, but equwalent
damage also was observed in Wt mice exposed to mainstream
cigarette smoke (Fig. 4F). Our results showed that exposure to
mainstream cigarette smoke triggered CNV, and the formation
of CNV was independent of the level of HirAl expressed.

Accumulation of Subretinal Deposits in Hirdl Tg
Mice Exposed to Mainstream Cigarette Smoke

A single HirAl Tg mouse exposed: to-mainstream cigarette
smoke for 12 weeks developed dense deposits in the subretinal
space (Fig. 5A). Electron micrographs revealed RPE degener-
ation with severe pigment loss and- abnormal deposxts or
vacuolization in the subretinal space of one HtrA7 Tg mouse
exposed to mainstream cigarette smoke (Fig. 5B).. The
molecular content of these deposits currently is under

investigation. Although only one of 10 Htrdl Tg mice had
subtetinal deposits, no ARMS2 Tg mice or Wt mice, with or
without exposure to mainstream cigarette smoke, had any
subretmdl deposxts (Table 3). Further, none of the Hirdl Tg
mice exposed to air for 12 weeks had retinal- degeneration
(Table 4). Our results suggested that overexpression of HirAl
combined: with mainstream  cigarette smoke can cause
formation of abnormal subretinal deposits.

Discussion

The HTRAI gene is a member of a family of serine proteases
and is involved in the degradation of extracellular matrix (ECM)
proteins, like fibronectin and aggrecan.?37 Mutations in this
gene have been associated with hereditary cerebral small-
vessel disease (CSVD).638 Because Hirdl was found to be
expressed . similarly .in mouse and. human retinas, 31 we
generated 4 mouse line that overexpressed mouse Hirdl
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throughout the entire mouse body and observed CNV
progression in aged mice. Wet AMD is characterized by CNV
or PCV. The CNV results from the growth of new blood vessels
from the choroid into the RPE and subretinal spaces, whereas
PCV results from inner choroidal vessel abnormalities with
intact basement membranes and collagenous fibers in the
BM. 9142 The BM depends on the adjacent RPE and choroidal
cells, and is important for AMD development, particularly for
CNV formation ‘in wet AMD. Degradation of BM and
upregulation of VEGF are risk factors for CNV.% 4 Targeted
expression of human HirAI in the mouse RPE has fed to the
development of PCV, but not CNV.4! Qur results demonstrated,
for the first time to our knowledge, that overexpression of
mouse HirAl in the entire mouse body can induce CNV. No
drusen-like deposits at the basal RPE in Hirdl Tg mice were
observed. Of the 22 12-month-old HirAl Tg mice that we
examined, four displayed CNV.

In AMD patients with CNV, the promoter region of HTRAI
is highly associated with CNV. Risk variant 18 leads to a 2.7-fold
mRNA increase in HTRAZ in the RPE and is estimated to confer
a population attributable risk of £9.3%. In our'mouse model, an
approximately 98.2-fold increase in Htr4d7 mRNA in the mouse
eye (Fig. 1B) led to an attributed CNV risk of 18.2%. Our results
suggested that the level of HirA1 expression: may influence
CNV progression and that other unknown environmental risk
factors may influence the risk variant. None of 40 12-month-old
Wt mice examined displayed CNV, suggesting that the level of
Hird1 expression is more influential than agmg Previous
studies have suggested that overexpression of HirA1 in the RPE
can lead to an altered BM with fragmentation of the elastic
lamina.%4! Our study also found ruptured or deficient BMs
when Hirdl was overexpressed ubiquitously.

Cigarette smoke, which contains numerous potential
oxidants, including nitric oxide, carbon monoxide, and many
other toxic chemical moieties, is considered to be . the
environmental risk factor most strongly associated with early-
stage AMD.*> In human studies, cigarette smoking induces RPE
abnormalities, such as geographic atrophy of the RPE and cell
death from apoptosis, which also are changes associated with
aging and earlystage AMD.3%4647 Mice exposed ‘to chronic
cigarette smoke develop evidence of oxidative damage, such as
ultrastructural degeneration of the RPE and BM, as well as RPE
apoptosis.3* In our study, exposure to mainstream cigarette
smoke enhanced the rates of CNV in HtrAl Tg mice and Wt
mice. Two (20%) of 10 Htrdl Tg mice examined had radial
CINV, compared to one (7.7%) of 13 ‘Wt mice. The number of
Tg mice, with and without CNV, at 12 months was extremely
limited. Although the number of mice tested was low and
although our results were statistically insignificant, we
speculated that smoking does not significantly alter the
occurrence of CNV.

in this study, Hirdl Tg mice exposed to cigarette smoke
displayed RPE degeneration, severe pigment loss, vacuoliza-
tion, and numerous wave-like morphological disorders in the
outer nuclear layer of the retina, as well as abnormal deposits
at the apical side of the RPE. Although the mechanisms of this
retinal degeneration still are unknown, previous reports have
shown that treatment with endogenous double-stranded RNAs
(dsRNA) led to RPE loss and that activation of a receptor
involved in innate immunity, TollLike receptor 3 (TLR3),
affected retinal morphology.#8-3® A recent report showed that
TLR3 activation led to a wave-like morphology in the outer
nuclear retinal layer. This wave-like layer also was found to
contain late apoptotic cells.’! Of the 10 Htrdl Tg mice
exposed to smoke that we examined, one displayed signs of
RPE degeneration, including subretinal deposits similar to the
advanced form of dry AMD. No RPE damage was found in Wt
mice or in Hirdl Tg mice that were not exposed to smoke.
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Our results showed that overexpression of HirAl combined
with exposure to mainstream cigarette smoke leads to RPE
degeneration and morphological changes in the retina.

A recent report showed that ARMS2 is a constituent of the
ECM; this localization suggests that ARMS2 may be necessary
for ‘proper matrix function and may protect against drusen
formation.?> We examined 20 aged ARMS2 Tg mice and 20

aged., ARMS2 (AGYS) Tg ‘mice, but none displayed any retinal

changes. Furthermore, 1 mnc of the 20 aged ARMS2 Tg mice that
were ‘exposed to mainstream cigarette smoke showed no
abnormal retinal changeb Our results demonstrated that
ubiquitous overexpression of ARMS2 or ARMS2 (A69S) does
not lead to typical AMD phenotypes, such as drusen or CNV
formation. We were unable to confirm whether ARMS2
protects against. CNV formanon induced by mainstream
cigarette smoke

In summary, aged mice that ubxqmtously overexpress HirAd 1
develop CNV similar to human AMD patients. Exposure to
mainstream cigarette smoke enhanced the CNV rate in Htrd1
Tg and Wt mice. I‘urthcrmoxe HtrAl Tg mice exposed to
mainstream cigarette smoke developed subretinal deposits and
a wave-like retinal morphology. Extended networks of branch-
ing vessels covering much of the retina were observed in
HirA1 Tg mice, but not in ARMS2 Tg or Wt mice exposed to
mainstream cigarettc smoke. Morphological changes also were
observed in the photoreceptor layer of the CNV. Our study
suggested that HirdI overexpression alone is a strong risk
factor for wet AMD, which is thepredomimnt form of AMD in
the Japanese population.
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