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HTRAT1 (High Temperature Requirement A Serine Peptidase 1)
Gene Is Transcriptionally Regulated by Insertion/Deletion
Nucleotides Located at the 3’ End of the ARMS2 (Age-related
Maculopathy Susceptibility 2) Gene in Patients with
Age-related Macular Degeneration™
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Daisuke lejima*, Takeshi Itabashif, Yuich Kawamura®*, Toru Noda®, Shinsuke Yuasa®, Keiichi Fukuda®, Chio Okal,

and Takeshi lwata™’

From the *Division of Molecular and Cellular Biology, National Institute of Sensory Organs, and the ®Division of Ophthalmology,
National Hospital Organization Tokyo Medical Center, Tokyo 152-8902, Japan, the *Department of Cardiology, Keio University
School of Medicine, Tokyo 160-8582, Japan, and the"'Division of Gene Function in Animals, Nara Institute of Science and

Technology, Nara 630-0101, Japan

Background: The biological function of insertion/deletion sequences associated with AMD has not been fully characterized.
Results: The HTRAI regulatory region contains an insertion/deletion sequence that is significantly up-regulated in retinal

neuronal cell lines.

Conclusion: HTRA1 expression is enhanced by a mutation in the insertion/deletion in the HTRAI regulatory region.
Significance: This is the characterization of the HTRAI regulatory elements and the effect of insertion/deletion sequences

associated with AMD.

Dry age-related macular degeneration (AMD) accounts for
over 85% of AMD cases in the United States, whereas Japanese
AMD patients predominantly progress to wet AMD or polypoidal
choroidal vasculopathy. Recent genome-wide association stud-
ies have revealed a strong association between AMD and an
insertion/deletion sequence between the ARMS2 (age-related
maculopathy susceptibility 2) and HTRA1 (high temperature
requirement A serine peptidase 1) genes. Transcription regula-
tor activity was localized in mouse retinas using heterozygous
HitrA1 knock-out mice in which HirA 1 exon 1 was replaced with
B-galactosidase cDNA, thereby resulting in dominant expres-
sion of the photoreceptors. The insertion/deletion sequence sig-
nificantly induced HTRAI transcription regulator activity in
photoreceptor cell lines but not in retinal pigmented epithelium
or other cell types. A deletion construct of the HTRAI regula-
tory region indicated that potential transcriptional suppressors
and activators surround the insertion/deletion sequence. Ten
double-stranded DNA probes for this region were designed,
three of which interacted with nuclear extracts from 661W cells
in EMSA. Liquid chromatography-mass spectrometry (LC-MS/
MS) of these EMSA bands subsequently identified a protein that
bound the insertion/deletion sequence, LYRIC (lysine-rich
CEACAM1 co-isolated) protein. In addition, induced pluripo-
tent stem cells from wet AMD patients carrying the insertion/
deletion sequence showed significant up-regulation of the
HTRALI transcript compared with controls. These data suggest

* This work was supported by Japanese Ministry of Health, Labor, and Welfare
Grant 10103254 and National Hospital Organization of Japan Grant
09005752 {to T. L.). This work was also supported by Japan Society for the
Promotion of Science Grant 23890258 (to D. ).

! To whom correspondence should be addressed. Tel./Fax: 81-3-34111026;
E-mail: takeshi_jwata@kankakuki.go.jp.
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that the insertion/deletion sequence alters the suppressor and
activator cis-elements of HTRA1 and triggers sustained up-reg-
ulation of HTRA 1. These results are consistent with a transgenic
mouse model that ubiquitously overexpresses HirA1 and exhib-
its characteristics similar to those of wet AMD patients.

Recent genome-wide association studies have identified
more than 19 susceptibility genes associated with age-related
macular degeneration (AMD)? (1), Among these genes, two loci
have been highly associated with AMD, and these include the
CFH (complement factor H) gene on chromosome 1q32 and
the ARMS2/HTRA 1 (age-related macular degeneration suscep-
tibility 2/high temperature requirement Al) gene on chromo-
some 10q26. Although a strong association of CFH Y402H
(rs1061170) with Caucasians with dry AMD has been estab-
lished (2, 3), this locus has not been associated with the majority
of Japanese patients with wet AMD (4). Rather, ARMS2/
HTRA1 is the region most strongly associated with wet AMD in
Japanese patients (5, 6). Moreover, the single nucleotide poly-
morphism (SNP), rs10490924, was shown in a single linkage
disequilibrium (LD) block to increase the risk of wet AMD in
both Caucasian and Japanese AMD populations (6). This LD
block included the entire ARMS2 gene and a portion of HTRA1
exon 1 (Fig. 1). However, genome-wide association studies
alone are insufficient to distinguish between these two candi-
date genes. Previous reports have identified an insertion/dele-
tion region ~443 bp in length that immediately follows the

2The abbreviations used are: AMD, age-related macular degeneration; LD,
linkage disequilibrium; RPE, retinal pigment epithelium; PCV, polypoidal
choroidal vasculopathy; iPSC, induced pluripotent stem cell; TLR, Toll-like
receptor.
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second exon of ARMS2 within the regulatory element of
HTRAI (7, 8). This finding led to confusion as to whether a
single gene or both ARMS2 and HTRAI are involved in AMD,
ARMS2is a recent gene evolutionarily and is within the primate
lineage (7, 9). Its protein product, ARMS2, has been shown to
localize to the mitochondria of the inner segment of the photo-
receptor (7) and to interact with fibulin-6 in the extracellular
matrix of the choroid (10). However, details regarding the bio-
logical function(s) of ARMS2 remain unclear (7, 9, 10). In con-
trast, HTRA1 has been characterized to some extent. HTRA1
belongs to the HTRA serine protease family, which is highly
conserved from microorganisms to multicellular organisms,
including humans (11). Several cellular and molecular studies
have suggested that HTRAL1 plays a key role in regulating vari-
ous cellular processes via the cleavage and/or binding of pivotal
factors that participate in cell proliferation, migration, and cell
fate (12—-15). Recently, up-regulation of human HTRA 1 expres-
sion in the mouse retinal pigment epitheliurn (RPE) was shown
to induce a branching network of choroidal vessels and poly-
poidal lesions and severe degeneration of the elastic lamina and
tunica media of the choroidal vessels, similar to that observed in
AMD and PCV patients (16, 17). A mutation in HTRA 1 has also
been associated with a hereditary form of familial cerebral small
vessel disease (CARASIL (cerebral autosomal recessive arterio-
pathy with subcortical infarcts and leukoencephalopathy)) (18).
The original report by Dewan et al, (19) described the up-reg-
ulation of HTRAL in fibroblasts obtained from AMD patients.
This result was both confirmed and denied by several other
groups and was also subjected to a regulatory element charac-
terization assay containing the insertion/deletion sequence (7,
8). However, the results obtained were based on transcription
regulator activity that was measured using the human RPE cell
line, ARPE19. On the basis of previous study, the purpose of this
study is to characterize transcription regulation of ARMS2 and
HTRA1 genes in wet form AMD.

EXPERIMENTAL PROCEDURES

Subjects—A total of 226 Japanese patients with typical wet
AMD without PCV (average age, 74.68 =+ 8.86 years) were clas-
sified as 5b according to Seddon et 4l (20). In addition, 228
non-AMD Japanese individuals (average age, 7522 * 7.23
years) were recruited as controls for this study (Table 1). All
patients were diagnosed by fundus observation or by fluoresce-
in/indocyanine green angiographic findings. For the controls,
no signs of early AMD, such as soft drusen or alterations of the
retinal pigment epithelium in the macula area, were observed
ophthalmoscopically. Informed consent was obtained from all
of the patients and controls, and the procedures performed
conformed to the tenets of the Declaration of Helsinki.

DNA Isolation and Sequencing—Human DNA was extracted
from blood samples using a Magtration System 8Lx (Precision
System Science Co., Ltd, Tokyo, Japan). The PLEKHAI-
ARMS2-HTRAI region of genomic DNA was amplified from
both control and AMD patient samples using the primerslisted in
Table 1. PCR amplifications for all primer sets were performedina
20-pl volume containing 100 ng of genomic DNA and 1 unit of
Taq polymerase (PrimerStar, Takara Bio Co. Ltd,, Japan) for
3540 cycles of amplification. Amplified PCR products were then
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PLEKHAI-ARMS2-R1
PLEKHA1-ARMS2-F2
PLEKHA1-ARMS2-R2
PLEKHA1-ARMS2-F3
PLEKHA1-ARMS2-R3
PLEKHA1-ARMS2-F4
PLEKHA1-ARMS2-R¢
PLEKHA1-ARMS2-F5
PLEKHA1-ARMS2-R5
ARMS2-F1
ARMS2-R1
ARMS2-F2
ARMS2-R2
ARMS2-F3
ARMS2-R3
ARMS2-F4
ARMS2-R4
ARMS2-F5
ARMS2-R5
ARMS2-HTRAL-F2
ARMS2-HTRA1-R2
ARMS2-HTRA1-F3
ARMS2-HTRAL-R3
ARMS2-HTRAL-F4
ARMS2-HTRAL-R¢
ARMS2-HTRA1-F5
ARMS2-HTRAL-R5
ARMS2-HTRAL-F6
ARMS2-HTRAL-R6
ARMS2-HTRAL-F7
ARMS2-HTRAL-R7
ARMS2-HTRA1-F8
ARMS2-HTRA1-R8
ARMS2-HTRA1-F9
ARMS2-HTRAL-R9

TABLE 1
Primers used for sequencing
Primer name Sequence
PLEKHA1-ARMS2-F1 CCCCATGCTTTCAGGGTTCACC

GGGGTCTCATTCTGTTGTCCAGGC
TGTTCCCAGCCTCTCCCCACTCTT
GAACCACTTCTCCCAGCCAAACACT
GTTCAGTGGCGCAATCTCGGC
CCTCATGCACTGCTAGTGGGATTGT
CAGGCTGGAGTGCAATGGTCTGAT
GGAGGATTGCTTGAGCCCAGGAC
CTACGTGGCGEGCGCTGTCT
CTGTGTTGGCTGGACTCGGTAGCT
CTGAGCCGAGGAGTATGAGG
CAGGAACCACCGAGGAGGACAGAC
TCCCTGAGACCACCCAACAA
CGCGCTCACATTTAGAACAT
GCGCTTTGTGCTTGCCATAGT
CCARAATAGGACAAAGGTGAGG
GTGAAACCCCATCTCTACTAAAAATACAG
CCCACATCAGTTCAGTTAGGTTCGCTTCAG
GCTTGGCAGTCACATGTAGTTAGT
CAGGCCTTGGCACGGTATTCT
CARGGCCTGGTGAGTGAGAAATGAGTT
GAGGGGGTGGAGAATGGGTAAGAGG
TCCACTTCGGCCGACACTTCCTC
TGCCTTTCTTTGCCCACATCTCC
TGGGGECACGAGGATGGAAGAG
AGGGAATGAGCGGACCGAAAACAGT
TGGGCAAAGAAAGGCACAGAGACC
TGGGGCAGATGCAATTARAAGGACA
CCGCAAAGCAGTGGGGAAGTT
CCTCATCCCGAACCCTCAAACCTC
TTGAGGGGGCTTATAGGTATTTGGAGTT
GGGTGGCATGCGTGTCCGTATTC
CCCAACGGATGCACCAAAGATTC
CCCGGTCACGCGCTGGTTCT
ACGCATGCCACCCACAACAARCTTTT
GCGGGATCTGCATGGCGACTCT

purified using an ExoSAP-IT kit (GE Healthcare) and were
sequenced using a BigDye Terminator version 3.1 sequencing kit
(Invitrogen) and an ABI 3130 Genetic Analyzer.

Cell Culture—The mouse photoreceptor cell line, 661W, and
the rat retinal ganglion cell line, RGC5, were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS) at 37 °C in 5% CO,. The human RPE
cell line, ARPE19, was cultured in DMEM/F-12 containing 15%
FBS at 37 °C in 5% CO,.

Transcription Regulator Activity Assay—The ARMS2 regula-
tory region and the HTRAI regulatory region were amplified
and cloned into the pGL4.10 (Luc2) luciferase vector (Promega,
WI) (Table 2). Insertion/deletion variants were also con-
structed using a KOD mutagenesis kit (Toyobo, Osaka, Japan).
For the luciferase assays performed, 661W cells, RGC5 cells,
and ARPE19 cells were seeded in 96-well plates (1 X 10* cells/
well) 24 h before transfection, Transfections were performed
using Lipofectamine LTX with Plus reagent (Invitrogen). A
firefly luciferase gene was integrated into a reporter vector to
normalize the activity of both transcription regulators. Lucifer-
ase activity was detected using the Dual-Glo luciferase assay
system (Promega) and a microplate reader (Plate Chameleon,
Hidex, Turku, Finland).

Preparation of Induced Pluripotent Stem Cells (iPSCs) from
Controls and AMD Patients—Human iPSCs were established
by infecting circulating T cells obtained from the peripheral
blood of human AMD patients with the Sendai virus as
described previously (21, 22). Briefly, peripheral blood mono-
nuclear cells were obtained from donors by the centrifugation
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