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Quercetin Induces NRF1 Expression through dependent manner (Fig. 5A). Furthermore, we investigated
Nrf2 Activation whether the Nrf2 transcription factor can regulate the ex-

It has been shown that Nrf2 regulates NRF1 expression.®? pression of NRM under q'uercet'%n treatme‘nt‘ We confirmed
Nrf2 is a cytoplasmic protein translocated to the nuclei by that quercetin-dependent induction of NRF1 was completely
oxidative stress.>® We therefore examined whether querce- — 2bolished by the transfection of Nrf2-specific siRNA (Fig.
tin can increase nuclear Nrf2 expression. As expected, quer- 5B). As a control, the expression of Foxo3a and PCNA was
cetin did induce Nrf2 expression in both a time- and dose- not affected by the transfection of siRNA under quercetin
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1 10 100 1000
H,0, (1M)

~—— Control

O 0.1M Quercetin
—f—— 1M Quercetin
——$——— 10UM Quercetin

indicated concentration of H,0, in serum-free medium for 40 minutes After 48 hours, cell survival was analyzed using a WST-8 assay. All values
are the means of at least three independent experiments. Bars represent the SD. CBB, Coomassie brilliant blue. i

treatment. To examine the protective efficacy of quercetin
treatment, TM cells were exposed to H,O, in the presence
of quercetin. Quercetin treatment significantly protected
the TM cells against the cytotoxic activity of H,O, (Fig. 5C).

NRF1 Expression Modulates Cellular Sensitivity
to H,0,

PRDX3 localizes to mitochondria and may protect mitochon-
drial DNA from ROS. NRF1 expression leads to the activation of
genes concerned with mitochondrial biogenesis and protects
cells from apoptosis.®® As shown in Figure 6A, the downregu-
lation of PRDX3 and PRDXS sensitized TM cells approximately
twofold against H,O, On the other hand, the downregulation
of NRF1 sensitized TM cells approximately fivefold against
H,0, (Fig. 6B). Among NRF1-regulated genes, mtTFA is impor-
tant in protecting mitochondrial DNA from ROS-dependent
apoptosis.”> We showed that quercetin significantly induces
mtTFA protein expression (Fig. 6C).

Discussion

Quercetin has a wide variety of pharmacologic proper-
ties.?° 10 However, little is known about the mechanisms by
which quercetin protects cells against oxidative stress. In the
present study, we demonstrated that quercetin stimulates the
antioxidant system through the activation of the Nrf2/NRF1

transcription pathway (Figs. 1-4). Quercetin is also a potent
free radical scavenger, suggesting that quercetin would be an
effective agent against oxidative stress-induced ocular diseases,
including glaucoma.

Several transcription factors are activated under oxidative
stress induced by hydrogen peroxide and inflammatory cyto-
kines, such as TNF-a and IL-18. Among them, both NF-«xB and
Nrf2 are well-known transcription factors related to oxidative
stress.>*#! PRDXs can eliminate hydrogen peroxide efficiently
and can participate in many physiological processes such as
signal transduction and apoptosis.*? There are six distinct
members located in various subcellular compartments. PRDX1,
PRDX2, and PRDXG6 are in the cytoplasm, and PRDX3 is found
in mitochondria. PRDX4 is in endoplasmic reticulum and is
secreted. PRDXS is found in various compartments. As shown
in Figure 1C, the expression of five PRDXs was observed, and
both PRDX3 and PRDX5 were induced by the treatment with
quercetin in primary TM cells. We have previously shown that
PRDX1 is not found in immortalized T™M celis.** This might be
due to the epigenctic mechanism because cellular transforma-
tion often induces epigenetic changes such as DNA methyl-
ation.”® We have previously shown that oxidative stress in-
duces PRDX1 and PRDX5 through the activation of Ets1.*
Furthermore, PRDX2 expression is regulated by the transcrip-
tion factor Foxo3a.>! In this study, we found that the Nrf2/
NRF1 transcription pathway is also involved in the expression
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of both the PRDX3 and PRDX5 genes (Figs. 4, 5). Nrf2, a basic
leucine zipper transcription factor, is essential for the induc-
ible and constitutive expression of several phase 2 detoxifica-
tion proteins, including those required for mitochondrial re-
spiratory function.**4° NRF1 was found to act on many nuclear
genes required for mitochondrial respiratory function.*® This
primary function was confirmed by disrupting the Nrf] gene in
mice, resulting in a phenotype of periimplantation lethality
and a striking decrease in the mitochondrial DNA content of
Nifl-null blastocysts. >

One specific ROS, hydrogen peroxide, is produced by mi-
tochondria. Because PRDXs can eliminate hydrogen peroxide
efficiently, mitochondrial PRDX3 may protect mitochondrial
DNA from ROS.#77>° We have previously reported that a mem-
ber of the high-mobility group protein family mtTFA can rec-
ognize oxidatively damaged DNA.?»*? Purthermore, it has
been shown that mtTFA binds to mitochondrial DNA (mtDNA)
in the same way that histones bind to nuclear DNA.?*%* Be-
cause mtTFA is not wrapped by chromatin proteins such as
histones, it is highly sensitive to oxidative stress. mtTFA may

protect mtDNA, acting as a guardian of mitochondrial func-
tion.”>*® As shown in Figure 6C, quercetin induced mtTFA
protein expression. This indicates that quercetin may protect
mitochondria from oxidative stress through the induction of
both mtTFA and PRDX3. We also demonstrated the protective
activity of quercetin against H,O, toxicity (Fig. 5C). Quercetin
inhibits the activation of caspase 3 and abolishes the H,O,-
dependent induction of apoptogenic proteins such as Bcl2.””
This also suggests that quercetin inhibits the mitochondrial
apoptotic pathway induced by various stresses.

The endothelium plays a key role in the maintenance of
anterior chamber homeostasis and also is involved in glaucoma
pathogenesis.”® Expression of the PRDX family was investi-
gated in Fuchs’-endothelial dystrophy, and the expression of
PRDX2, PRDX3, and PRDXS5 was significantly downregulated
in this disease.?” It has been reported that PRDX3 oxidation is
found in TNE-a-treated cells and is the early event in apopto-
sis. This leads to an increase of hydrogen peroxide to modulate
the progression of apoptosis.®® These data indicate that the
expression of PRDXs in endothelial cells may be also related to
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glaucoma pathogenesis. PRDX6 reduces oxidative stress- and
TGF-B-induced abnormalities of TM cells.®! TGE-S is a fibro-
genic cytokine and increases ROS production,®® indicating that
our study may be relevant to the physiology and pathophysi-
ology of the outflow pathway in glaucoma.

To our knowledge, this is the first study showing modula-
tion of an oxidative stress-protective pathway involving the
control of PRDX3, PRDX5, and mitTFA expression by the
transcription factors Nrf2 and NRF1.
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Transcriptional Regulation of Activating Transcription
Factor 4 under Oxidative Stress in Retinal Pigment
Epithelial ARPE-19/HPV-16 Cells

Naoya Miyamoto,"? Hiroto Izumi," Rie Miyamoto,> Han Bin," Hiroyuki Kondo,?
Akibiko Tawara,* Yaswyuki Sasaguri,” and Kimitoshi Kobno'

Purrost. Oxidative stress plays an important role in the patho-
genesis of various ocular diseases such as retinopathy, glau-
coma, and age-related macular degeneration. Activating tran-
scription factor 4 (ATF4) is induced Dby various stressors,
including endoplasmic reticulum (ER) and oxidative stress, and
ATF4 expression is regulated translationally through the PERK
pathrway of elF2a phosphorylation. Transcriptional regulation
of the ATF4 gene under oxidative stress was investigated in
human papillomavirus 16 (HPV-16)-transformed retinal pig-
ment epithelial ARPE-19/HPV-16 cells.

Mzrnops.  Retinal pigment epithelial cells, trabecular mesh-
work cells, and corneal endothelial cells were treated with
anoxia and thapsigargin (T'G). Gene expression of ATF4 and
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and transcrip-
tion factors was investigated by Western blot analysis, reporter
assays, chromatin immunoprecipitation (ChIP) assays, and
small interfering (siRNA strategies. Cellular sensitivity to oxi-
dative stress was determined.

Resurrs. The expression of two transcriptional factors, ATF4
and Nrf2, was significantly induced by anoxia and TG. The Nrf2
regulator Keapl was downregulated by anoxia. Downregula-
tion of Nrf2 abolished ATF4 expression. On the other hand,
downregulation of Keapl enhanced the expression of both
Nrf2 and ATF4. The promoter activity of ATF4 was transacti-
vated by the co-transfection of Nrf2 expression plasmids and
reduced by the transfection of Nrf2-specific siRNA. The ChIP
assays demonstrated that Nrf2 bound to the promoter of the
ATF4 gene. Nrf2 downregulation nearly abolished the ATF4
induction by anoxia and T'G. Consistent with these findings,
the promoter activity of ATF4 was augmented by treatment
with TG, HCA, H,0,, and anoxia. However, stress induction of
ATF4 promoter activity was observed, even when a mutation
was introduced into the antioxidant-responsive elements site.
Furthermore, stress induction of the ATF4 promoter was com-
pletely abolished when the 5" untranslated region of the ATF4
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gene was deleted. Downregulation of ATF4 rendered ARPE-19/
HPV-16 cells sensitive to oxidative stress.

Concrusions. These results suggest that the stress induction of
ATF4 is significantly regulated transcriptionally through a Nrf2-
dependent mechanism and may be a double-edged sword in
the pathogenesis of various retinopathies. (Invest Ophthalmol
Vis Sci. 2011;52:1226-1234) DOL10.1167/i0vs.10-5775

he eye is protected against oxidative stress by several mech-

anisms. We have shown that transcription factor Foxo3a
functions to protect trabecular meshwork cells from oxidative
stress.! We have also reported that activating transcription factor
4 (ATF4) is upregulated in drug-resistant cells and protects against
oxidative stress through glutathione biosynthesis.*? Thus, in ad-
dition to the transcription factor Foxo3a, the ATF4 gene is
thought to be one of the critical transcriptional factors for a
cellular response against oxidative stress.

Cellular stress, including oxidative stress, activates the
PERK pathway, and phosphorylation of the translational initi-
ation factor elF2a subsequently causes ATF4 expression to be
translationally activated.*~® Phosphorylation of elF2a leads to
a general inhibition of translation”™'%; however, translation of
ATF4 mRNA is sclectively processed, the mechanism of which
has been elucidated in the general amino acid control response
in yeast.>'! The translational upregulation of the transcription
of the ATF4 gene remains to be clucidated.

Nuclear factor (erythroid-derived 2)-like 2 (Ntf2) is essential
for inducible and constitutive expression of several phase 11
detoxification enzymes and antioxidant enzymes. During an
oxidative stress condition, Nrf2 dissociates with Keap1, which
is involved in cytoplasmic sequestration of Nrf2, and translo-
cates into the nucleus, activating target genes by het-
erodimerizing with the small Maf family and binding to antiox-
idantresponsive elements (AREs). 271 Both Nrf2 and ATF4 are
coordinately activated by oxidative stress.!” ™!

In the present study, we showed that Nrf2 is involved in
transcriptional ATF4 gene expression under oxidative stress
and that the ATF4 gene is one of the Nrf2 target genes.

METHODS

Cell Culture

The human retinal pigment epithelium cell line ARPE-19/HPV-16 (CRL-
2502)*" and the bovine corneal endothelial cell line BCE C/D-1b (CRL-
2048)*" were obtained from the American Type Culture Collection (Ma-
nassas, VA). ARPE-19/HPV-16 cells were cultured in a 1:1 mixture of
Dulbecco’s modified Eagle’s medium and Ham's F12-medium (DMEM:
F12). BCE C/D-1b cells and an immortalized TM cell line (i.e., NTMS5 cells
derived from normal trabecular mcshwork):“22 were cultured in
Dulbecco’s modified Eagle’s medium. All cell lines were maintained in a
5% CO, atmosphere at 37°C. The primary human retinal pigment epithe-
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lial cells, HRPEpIC, was purchased from Sciencell Research Laboratories
(8an Diego, CA). Early passages (3-4) of HRPEpiCs were used in the study.

Antibodies and Drugs

Antibodies against Nif2 (5¢-30915), ATF4 (s¢-200), Keapl (s¢-15,246), and
PCNA (s¢-56) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-Nrf2 antibody (RB10471P), anti-B-actin antibody (AC-15), and
anti-HA-peroxidase (3F10) were purchased from Thermo Scientific, Inc.
(Bremen, Germany), Sigma-Aldrich (St. Louis, MO), and Roche Molecular
Biochemicals (Mannheim, Germany), respectively. Thapsigargin (TG) and
homocysteine (HCA) were purchased from Sigma-Aldrich. Drug concen-
trations in this study corresponded with those used in clinical practice.

Plasmid Construction

To obtain fulHlength complementary (¢)DNA for human Nrf2, we
performed PCR on a ¢cDNA library (SuperScript; Invitrogen Life Tech-
nologies, Carlsbad, CA), using the following primer pairs (italic indi-
cates the start and stop codons): 5-ATCATGGACTTGGAGCTGC-
CGCC3" and  5-CTAGTTTTTCTTAACATCTGGCTTCITAC3'. This
PCR product was cloned into a vector (pGEM-T Easy; Promega, Madi-
son, WI). To construct a plasmid expressing HA tagged N7f2, N-termi-
nal HA-tagged A7/2 ¢cDNA was ligated into a pcDNA3 vector (Invitro-
gen Life Technologies). The luciferase reporter constructs containing
the core promoter and the partial first exon with either the short
(—314 to +81) or long (—314 to +877) 5’ untranslated region (UTR)
of ATF4 were generated by using the following primers: primer 1,
S"AGATCTGCGCTGACACCGGAAGCGAGGCG-3'; primer 2, 5'-
AGATCTGCGCGGACACCATAAGCGAGGCG-3'; primer 3, 5'-
AAGCTTGGCCGTGGACCCTGAGGGC-3"; and primer 4, 5"-A4AGCTTT-
GCTGGAATCGAGGAATGTGC3'. Italic and bold indicate restriction
enzyme cleavage sites and mutations of ARE, respectively. To obtain
ATH4-Luc WS, ATT4-Lac WL, ATP4-Luc MS, and ATF4-Luc ML, PCR
using placental DNA was performed with primers 1 and 3, primers 1
and 4, primers 2 and 3, and primers 2 and 4, respectively. These PCR
products were cloned and ligated into the Bg/l-HindIl sites of the
pGL3-basic vector (Promega).

Knockdown Analysis with siRNAs

The following double-stranded RNA 25-bp oligonucleotides were com-
mercially generated (Invitrogen): A77°4 small interfering RNA
(5iRNA), 5'-GGGCAGUGAAGUGGAUAUCACUGAA-3’ (sense) and 5'-
UUCAGUGAUAUCCACUUCACUGCCC-3" (antisense), AT14-1 siRNA;
5'-GGGCUGAAGAAAGCCUAGGUCUCUU-3' (sense) and S5'-AA-
GAGACCUAGGCUUUCUUCAGCCC-3" (antisense), AT74-2 siRNA;
5"-UCACUUUGCAAAGCUUUCAACCAAA-3" (sense) and 5'-UUUG-
GUUGAAAGCUUUGCAAAGUGA-3" (antisense), N#f2-1 siRNA; 5'-
GACACACUACUUGGCCUCAGUGAUU-3' (sense) and 5'-AAUCA-
CUGAGGCCAAGUAGUGUGUC-3’ (antisense), Nrf2-2 siRNA;
5'-CCAACCAGUUGACAGUGAACUCAUU-3’ (sense) and 5'-AAU-
GAGUUCACUGUCAACUGGUUGG-3' (antisense), Nif2-3 siRNA; 5'-
GGAAACAGAGACGUGGACUUUCGUA-3 (sense) and 5'-UACGAAA-
GUCCACGUCUCUGUUUCC-3' (antisense), Keapl-1 siRNA; 5'-
UCCACGUCAUGAACGGUGCUGUCAU-3"  (sense) and 5'-
AUGACAGCACCGUUCAUGACGUGGA-3" (antisense), Keapi1-2
siRNA; and 5'-GCCCGGGAGUACAUCUACAUGCAUU-3’ (sense) and
5"-AAUGCAUGUAGAUGUACUCCCGGGC-3' (antisense), Keapl-3
$iRNA. siRNA transfections were performed as described previ-
ously. 33 Briefly, 250 picomoles of the indicated siRNAs or control
siRNA (Invitrogen) were transfected to 1 X 10° NTMS5 cells, 2 X 10°
cells were used for the luciferase assay, and 2.5 X 107 cells were
used for the WST-8 assay described in the following sections. The
remaining cells were subjected to Western blot analysis after 72
hours culture as described below.

Western Blot Analysis

The preparation of whole nuclear extracts is described elsewhere > The
indicated amounts of whole nuclear extracts were separated by sodium
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dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene difluoride (PVDF) microporous membranes (Mil-
lipore, Billerica, MA), by using a semidry blotter. The blotted membranes
were treated with 5% (wt/vol) skimmed milk in 10 mM Tris, 150 mM NaCl
and 0.2% (vol/voD Tween 20, and were incubated for 1 hour at room
temperature with primary antibody. The following antibodies and dilu-
tions were used: a 1:500 dilution of anti-Nrf2, a 1:1,000 dilution of anti-
Keapl, a 1:5,000 dilution of anti-ATF4, a 1:5,000 dilution of anti-PCNA,
and a 1:20,000 dilution of anti-B-actin. Membranes were then incubated
for 40 minutes at room temperature with a peroxidase-conjugated sec-
ondary antibody and were visualized with chemiluminescence (ECL kit;
GE Healthcare Bio-Science, Piscataway, NJ). Membranes were then ex-
posed to autoradiograph film (X-OMAT film; Bastman Kodak, Rochester,
NY). The reproducibility was confirmed by several Western blot analyses,
and the resulting blots are shown in the figures. For the correlation assay,
the intensity of each signal was quantified by the NIH Image program
(NIH, Bethesda, MD; developed by Wayne Rasband, National Institutes of
Health, Bethesda, MD; available at http://rsh.info.nih.gov/ij/index.htmi).

Luciferase Assay

‘Transient transfection and a luciferase assay were performed as described
elsewhere."*?* In preparing expression plasmids, 2 X 10° ARPE-19/
HPV-16 cells per well were seeded into 12-well plates. The following day,
indicated amounts of reporter plasmids (see Figs. 3 and ) were trans-
fected with or without expression plasmids (Superfect reagent; Qiagen,
Valencia, CA). After 48 hours, the luciferase activity was detected with a
kit (PicaGene; Toyo Ink, Tokyo, Japan). At 24 hours after transfection with
indicated siRNAs described earlier, indicated amounts of reporter plas-
mids were transfected with the reagent (Superfect; Qiagen). After 48
hours, the luciferase activity was detected using the assay (PicaGene; Tovo
Ink). For treatment with TG or HCA, 1 uM TG or T mM HCA were directly
added into the culture medium at 36 hours after transfection. Afier 6
hours, the luciferase activity was detected with the kit (PicaGene; Toyo
Ink). For H,0, or anoxic treatment conditions, at 42 or 40 hours after
transfection, cells were cultured with 500 M H,O, for 2 hours or under
anoxic conditions (Anaerocult A mini; Merck, Darmstadt, Germany) cre-
ating oxygen-free circumstances for 4 hours, respectively. Cells treated
with H,0, or anoxic conditions and mock treated cells were further
cultured with a new normal culture medium and normal conditions for 4
hours by recovery/reoxygenation. The light intensity was measured with
a luminometer (Luminescencer JNII RAB-2300; ATTO). The results shown
are normalized to the protein concentrations measured using the Bradford
method and are representative of at least three independent experiments.

Chromatin Immunoprecipitation Assay

The chromatin immunoprecipitation assay (ChIP) assay was performed as
described previously. Briefly, soluble chromatin from ARPE-19/HPV1G
cells was incubated with 2 pg antiNrf2 antibody (s¢-722), anti-Nef2 anti-
body (RB10471P), and normal rabbit immunoglobulin G (IgG). Immuno-
precipitated DNAs with protein A/G-agarose were purified and dissolved
in 20 pL of distilled H,O. Each 2 pL of DNA was used for PCR analysis
with the following primer pairs; ATF4 (—308 to +81), 5-GCGCTGACAC-
CGGAAGCGAGGCG3' (forward) and 5-GGCCGTGGACCCTGAGGGC3'
(reverse); YB-1 (+409 to +930), 5-GCCCGGCACTACGGGCTGCG-3
(forward) and 5'-GTGTGCGCAGGCCGCGGACG3' (reverse). The PCR
products were separated by electrophoresis on 2% agarose gels and
stained with ethidium bromide.

Cytotoxicity Analysis with WST-8

The watersoluble tetrazolium salt (WST-8) assay was performed accord-
ing to published methods.”*** Briefly, 2.5 X 10° ARPE-19/HPV-16 cclis
per well that had been transfected with the indicated amount of siRNA
were seeded into 96-well plates. The following day, the cells were incu-
bated with the indicated concentrations of H,O, or HCA (sce Fig. 6). For
H,0,, cells were treated with H,0, in the serum-ree medium for 40
minutes, and subsequently the medium was changed to a normal culture
medium. After 72 hours, surviving cells were stained (TetraColor ONE;
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Seikagaku Corp., Tokyo, Japan) for 90 minutes at 37°C. The absorbance
was then measured at 450 nm.

Cell Viability Analysis

The ARPE-19/HPV-16 cells, that were transfected with the indicated
amount of SIRNA were seeded into six-well plates at 2.0 X 10* per well.
The following day, the cells were incubated with the indicated concen-
‘trations of H,0, (see Fig. 6) in serum-free medium for 4 hours, and
subsequently the medium was changed to normal culture medium. After
72 hours, the celis were harvested with trypsin. Living cells were counted
in a cell viability assay (Adam-MC; NanoEnTek Inc., Seoul, Korea), accord-
ing to the manufacturer’s instructions. Briefly, the cells in each condition
were suspended with 100 pL PBS, and each 40 pL was mixed with 40 pL
solution T containing propidium iodide (PD and detergent or 40 pL
solution N containing PI without detergent. The number of living cells
was calculated as (1" number — N number)/T" number. The number of
living cells without cisplatin was set at 100%.

Statistical Analysis

The Pearson correlation method was used for statistical analysis, and
significance was set at the 5% level.

REsuLTs

Stress Induction of ATF4

We first investigated endoplasmic reticulum (ER) stress induc-
tion of three cell types derived from the eye with TG. ATF4
expression was upregulated by TG treatment in these cell lines.
Among these cell lines, ARPE-19/HPV-16 cells showed the highest
level of ATF4 expression after treatment with TG (Fig. 1A). In this
study, we investigated cellular sensitivity against oxidative
stress with the expression of transcription factors, but not
physiological properties of retinal pigment epithelium. ARPE-
19/HPV-16 cells can be easily maintained and thought to be

A
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suitable for our purpose. ARPE-19/HPV-16 cells were then used
in the following experiments. We subsequently confirmed the
stress induction of ATF4 expression. As shown in Figure 1B,
ATF4 expression was upregulated more than threefold after
anoxia.

Stress Induction of Nrf2

We previously showed that an E-box was located in the core
promoter region of the ATF4 gene and E-box binding circadian
transcriptional factor (clock) positively regulated the ATF4
gene.” We also found one ARE located —300 bp from the
transcription start site of the ATF4 gene promoter. Nrf2 binds
to ARE to transactivate the target genes. We investigated
whether TG treatment can enhance Nrf2 expression. As shown
in Figure 2A, nuclear expression of Nrf2 was increased by TG
treatment. Consistent with the result shown in Figure 1A,
ARPE-19/HPV-16 cells showed the highest level of Nif2 expres-
sion after treatment with TG. On the other hand, the expres-
sion of Keap1, involved in the sequestration of Nrf2, was varied
in the cells. Furthermore, Nrf2 expression was induced by
anoxia (Fig. 2B). In accordance with the anoxia-dependent
induction of Nrf2 expression, Keaplwas reduced by anoxia. To
investigate whether ATF4 expression requires Nrf2 expression,
we performed a knockdown experiment using siRNA for both
N1f2 and Keapl. As shown in Figure 2C, knockdown of Nrf2
expression downregulated ATF4 expression in both trans-
formed (ARPE-19/HPV-16) and nontransformed (HRPEpiC) RPE
cells. On the other hand, knockdown of Keapl upregulated
both Nif2 and ATF4 expression, suggesting that ATF4 is a
target gene of Nrf2 (Fig. 2D).

Transcriptional Regulation of the ATF4 Gene

To confirm the transcriptional expression of the ATF4 gene,
we constructed reporter genes (Fig. 3A). We introduced the
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, : Fioure 1. (A) The effect of TG on
expression of ATF4. ARPE-19/HPV-16
CBB (retina), NTM5 (trabecular meshwork),
and BCE C/D-1b (cornea) cells were
incubated with or without 1 uM TG
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B were prepared and subjected to West-
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blot. CBB, Coomassie brilliant blue. (B)
ATF4 is upregulated in response to an-
oxic conditions. ARPE-19/HPV-16 cells
were incubated in anoxic conditions
for 6 hours, and the cells were lysed
either immediately or after reoxygen-
ation. The nuclear extracts containing
50 png of proteins were prepared and
subjected to Western blot analysis
with the indicated antibodies. Immu-
noblot analysis of PCNA is shown as a
loading control. Relative intensity is
shown under each blot.
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FiGure 2. (A) The effect of TG on expression of Nrf2 expression. ARPE-19/HPV-16, NTM3, corneal
endothelial cells were incubated with or without 1 uM TG for 4 hours. Nuclear extracts (100 ug for Nrf2)
and cytosolic extracts (50 pg for Keapl) were subjected to SDS-PAGE, and Western blot analysis was
performed using the indicated antibodies. Relative intensity is shown under cach blot. (B) Nrf2 is
upregulated in response to anoxic conditions. ARPE-19/HPV-16 cells were incubated in anoxic conditions
for 6 hours, and cells were lysed either immediately or after reoxygenation. Nuclear extracts (100 ug for
Nrf2) and cytosolic extracts (50 ug for Keap1) were prepared and subjected to Western blot analysis with
the indicated antibodies. Immunoblot analysis of S-actin is shown as a loading control. Relative intensity
is shown under each blot. (C) Nrf2 expression is involved in A714 gene expression in transformed RPE
(ARPE-19/HPV-16) cells (left)y and nontransformed RPE (HRPEpIC) cells (right). Control siRNA (100
picomoles) or Nrf2 siRNA-1, -2, and -3 (100 picomoles) were transfected into indicated cells. The nuclear
extracts containing 100 pg of proteins were subjected to SDS-PAGE. The transfer membrane was blotted
with indicated antibodies. Immunoblot analysis of B-actin is shown as a loading control. Relative intensity
is shown under each blot. (D) Keapl expression is involved in Nrf2 and 4774 gene expression. Control
SiIRNA (100 picomoles) or Keap? siRNA-1, -2, and -3 (100 picomoles) were transfected into ARPE-19/
HPV-16 cells. Nuclear extracts (100 g for Nef2 and ATF4) and cytosolic extracts (50 g for Keapl and
B-actin) were subjected to SDS-PAGE. Transferred membrane was blotted with the indicated antibodies.
Immunoblot analysis of B-actin is shown as a loading control. Relative intensity is shown under each blot.
CBB, Coomassie brilliant blue.

mutation into ARE. We also constructed the reporter with
cither a short or long 5" UTR to test the role of 5'UTR. The
promoter activity of the A7F4 gene was enhanced by co-
transfection with the Nrf2 expression plasmid (Fig. 3B). Inter-

estingly, the promoter activity of the ATF4 gene with short
S'UTR was strongly transactivated by the co-transfection with
the Nrf2 expression plasmid. However, Nrf2-dependent trans-
activation of the ATF4 promoter was completely abolished
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Ficure 3. (A) Representations of ATH4-Luc WS, WL, MS, and ML are shown. The reporter plasmids contain-
ing wild-type ARE with long or short UTR indicate WL and WS, respectively. The reporter plasmids containing
the mutant type of ARE with long or short UTR indicate ML and MS, respectively. (B) Left: Nif2 transactivates
the promoter activity of the AT/ gene. Indicated amounts of A7f2 expression plasmid was transiently
co-transfected with the indicated reporter plasmids into ARPE-19/HPV-16 cells. The results were normalized to
the protein concentration measured using the Bradford method. All values are representative of at least three
independent experiments. The luciferase activity of each AT74-Luc with transfection of HA vector corresponds
to 1. Bars, SD. Right: HANtf2 expression of ARPE-19/HPV-16 cells was detected by Western blot anatysis with
ami-FD\-.mtlbody. (C) Knockdown of Nrf2 downregulates the promoter activity of the A71°4 gene. ARPE-19/
HPV-16 cells were transiently transfected with the indicated amounts of control siRNA or Nif2 siRNAs followed
by transfection with 0.75 pg of the indicated reporter plasmids at intervals of 12 hours. The results shown are
normalized to protein concentrations measured using the Bradford method and are representative of at least
three independent experiments. The luciferase activity of each A7T/4-Luc with transfection of control siRNA
corresponds to 1. Bars, SD. (D) Top: Schematic representations of the promoter region and 5" end of AT14
gene. Arrow, black box, and gray boxes: primer, ARE, and exon, respectively. Bottomn: The ChIP assay was
performed with ARPE- 19/1{13\/16 cells. Soluble chromatin (Janes 7 and 4) and immunoprecipitated DNAs
(lunes 2 and 5; normal rabbit IgG, lane 3; anti-Nef2 antibody (s¢-722), and lane 6; anti-Nrf2 antibody RB10471P)
were amplified by polymerase chain reaction with specific primer pairs for the ATF4 promoter. Lane M: DNA
size marker; arrowhead: PCR products (389 bp for Nrf2 and 528 bp for YB-1-5).
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when the mutation was introduced into ARE. Downregulation
of Nrf2 expression also reduced the basal promoter activity of
the ATF4 gene (Fig. 3C). To determine whether transcriptional
activation of ATF4 gene was a result of direct recruitment of
Nrf2 to the promoter in vivo, we performed ChIP assays using
two different anti-Nrf2 antibodies. ChIP assays demonstrated
that Nrf2 bound to the promoter of the ATF4 gene but not to
that of the unrelated YBX1 gene (Fig. 3D).**

Role of Nrf2 in Stress Induction of ATF4

Next, we performed reporter assays under oxidative stress.
The expression of both Nrf2 and ATF4 was enhanced repro-
ducibly by anoxia. However, ATF4 induction by anoxia was
almost cancelled when Nrf2 was downregulated (Fig. 4A).
Similar results were also observed when the cells were treated
with TG (Fig. 4B). Next, we performed reporter assays under
oxidative stress. The assays showed that the promoter activity
with wild-type ARE was significantly increased when the cells
were treated with H,O, and anoxia (Fig. 5A). Interestingly, the
luciferase activity was also enhanced by treatment with H,0,
and anoxia, even when reporter constructs containing a long

A
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5'UTR were used. Furthermore, luciferase activity with a long
5'UTR was much higher than that with short a 5'UTR. The
stress induction of promoter activity was completely abolished
when reporter constructs containing ARE mutations and a
short S'UTR were used. Similar results were observed when
the cells were treated with both an ER stress inducer, TG, and
an oxidative inducer, HCA (Fig. 5B).

Role of ATF4 Expression in Cellular Sensitivity
against Oxidative Stress

ARPE-19/HPV-16 cells were modestly sensitive to H,0, when
ATF4 expression was downregulated (Fig. 6A). HCA is thought
to induce oxidative stress. Our results showed that the expres-
sion of both Nrf2 and ATF4 was induced by HCA treatment
(Fig. 6B). The cells were sensitive to HCA even without knock-
down of ATF4 expression. There was simply a slight increase
in HCA sensitivity after the knockdown of ATF4. To confirm
these results, we used an alternative cell viability assay (Adam-
MC; NanoEnTek Inc.). The WST-8 measures only the activity of
dehydrogenase enzymes derived from living cells (Figs. 6A,

FIGURE 4. Nrf2 regulated the expres-
sion of ATP4 under anoxic conditions
and ER stress. (A) ARPE-19/HPV-16
cells were transiently transfected with
100 picomoles of control siRNA or
Nrf2 siRNA-1. After 48 hours, the cells
were incubated in anoxic conditions
for 6 hours and were cultured for the
indicated recovery times in normal
conditions. Nuclear extracts (100 pg
for Nrf2, ATF4, and PCNA) and cytoso-
lic extracts (50 ug for Keapl and B-ac-
tin) were subjected to SDSPAGE.
Transferred membrane was blotted
with indicated antibodies. PCNA is a
loading control for the nuclear frac-
tion, and B-actin is a loading control for

Control siRNA + + + + - - . -
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48 hours, the cells were incubated
with 1 uM TG for 4 hours, and the
cells were lysed. Nuclear extracts (100
pg for Nrf2, ATF4, and PCNA) and
cytosolic extracts (50 ug for Keapl
and Bactin) were subjected to SDS-
PAGE. Transferred membrane was blot-
ted with indicated antibodies. PCNA
was a loading control for nuclear frac-
tion, and P-actin was a loading control
for cytosolic fraction. Relative intensity
is shown under each blot. CBB, Coo-
massie brilliant blue.
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6B). On the other hand, the assay can detect both Pl-permeable
apoptotic or dead cells and PI nonpermeable living cells.
Knockdown of ATF4 expression again rendered the cells sen-
sitive to H,0, (Fig. 6C).

DiscussioN

Oxidative stressors have been implicated in the pathogenesis
of various ocular diseases such as diabetic retinopathy
(DR),?>%° retinopathy of prematurity (ROP),”?® age-related
macular degeneration (AMD),**"*' and glaucoma.>**> The
ability to respond to cellular stressors, including ER and oxida-
tive stress, is fundamentally critical to cellular survival. Cellular
stressors can initiate a program of both transcriptional and
translational regulation.

We have shown that ATF4 is overexpressed in drug-resis-
tant cells and is involved in glutathione biosynthesis,” suggest-
ing that ATF4 expression can protect cells from oxidative
stress. We have also shown that the ATF4 gene is one of the
clock-regulated genes indicating that the protective system
against oxidative stress may be regulated periodically. In the
present study, we showed that activation of both Nrf2 and
ATF4 transcription factors coordinates and regulates the con-
vergence of ER and oxidative stress signaling. Furthermore, in

mal conditions set to 1. Bars, SD.

addition to translational control, these stressors initiate a tran-
scriptional program for ATF4 expression via Nrf2 activation.

We initially found that ARPE-19/HPV-16 cells derived from
retina show a high ATF4 expression in comparison with cells
derived from trabecular meshwork and corneal endothelium
(Fig. 1A). The retina has the highes‘t metabolic rate and oxygen
consumption in the body. The highest metabolic rate and
oxygen consumption is usually accompanied by generation of
reactive oxygen species. Therefore, the RPE is a primary target
of oxidative stress.*® This finding indicates that an antioxida-
tive system may be highly developed in the RPE to protect the
retina. This protective mechanism, via ATF4 activation, is com-
patible because oxidative stress may occur in infants with
retinopathy of prematurity.

Cells respond to various stressors through the upregulation
of genes that function specifically to alleviate stress. The acti-
vation of these pathways causes increased transcription. On
the other hand, translational upregulation of specific mRNA
was evident in the ER stress pathway, whereas, ER stress leads
to a general inhibition of translation. It has been well studied
that ATF4 expression is translationally regulated during condi-
tions of stress.*~® However, transcriptional regulation of the
ATF4 gene under oxidative stress remains to be elucidated.
Our study clearly showed that constitutive expression of the
ATF4 gene is regulated by Nrf2 (Fig. 2C). Inducible expression
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the indicated concentrations of H,0, .
in the serum-free medium for 40 min- 0 1 3 5

1.00 100 1.00

HCA (100uM)

12

Relative intensity

R ——— R Rl

Relative intensity

CBB

ATF4 Is Regulated Transcriptionally through Nrf2 Activation 1233

Cell survival

125 g
|
100 #=Fr ]
75 ’
50 })\
25 &
o
1

i
10 100 1000

~—— control siRNA
- ATF4#1 siRNA
~—O0— ATF4#2 siRNA

H,0, {(pM)

125
(hr)

utes. Then, the medium was replaced
with fresh culture medium, After 72 !

S s A

100

Al

| < Nrf2

hours, cell survival was analyzed by 100 128 312 333 3.5

Relative intensity

75

WST-8 assay. All values are the means

s

14 ATF4

of at least three independent experi- 297

Relative intensity 50

2.22

ments. Bars, SD. (B) HCA upregulated
the expression of Nif2 and ATP4 in a

Cell survival

| < PCNA

0.9

time-dependent manner. Downregula-
tion of ATF4 sensitized ARPE-19/
HPV-16 cells to HCA. Left: ARPE1Y/
HPV-16 cells were incubated with 100
uM HCA for the indicated time. Nuclear
extracts (100 pg) were subjected to SDS-
PAGE, and Western blot analysis was

Relative intensity 25

i

CcBB 0 1 100

(o)

10

! HCA (M) W control siRNA
; B ATF4#1 siRNA

1000

performed with the indicated antibod-
ies. Immunoblot analysis of PCNA is
shown as a loading control. Relative in-
tensity is shown under each blot. Right:
25 X 10° ARPE19/HPV-16 cells were

ATF4#2 siRNA
ATF4#1,#2 siRNA

P =0.003

P =0.003 !

P=0.01

transfected with 40 oM of control T
SIRNA, ATP4-1 $iRNA, ATF4~2 SiRNA. 1.2,

The following day, to induce oxidative
stress, cells were incubated with the in-
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with H,0, in the serumfree medium for 4 hours, and subsequently the medium was changed to a normal culture medium. After 72 hours, surviving cells were
measured with a cytotoxicity assay. The results with statistical analyses are presented.

of ATF4 under conditions of stress is also upregulated by Nrf2
(Figs. 4A, 4B). In addition to transcriptional regulation, re-
porter assays suggest that translational regulation of ATF4 ex-
pression is present in a 5'UTR-dependent manner (Fig. 3). We
also showed that ATF4 expression can protect cells from oxi-
dative stress (Fig. 6). Thus, ATF4 expression is critical to
protect cells from oxidative stress. Nrf2 has been shown to
regulate target genes through the interaction with ATF4.'7
These data suggest that Nrf2-dependent ATF4 expression may
function to augment the expression of Nrf2 target genes via
mutual protein-protein interaction. The cellular level of Nrf2 is
also regulated by Keap1.*? Consistent with a previous report,””
the decrease of Keapl by anoxiareoxygenation was also ob-
served, probably due to the increased degradation of Keap1, as
shown in Figure 4A. Interestingly, the cellular level of Keapl
during anoxia-reoxygenation was constant when Nrf2 was
downregulated, suggesting that the cellular level of Keapl is
regulated by an Nrf2-dependent protein-degradation pathway.

On the other hand, oxidative stress, such as treatment with
HCA, increases the expression of vascular endothelial growth
factor by an ATF4-dependent mechanism in ARPE-19/HPV-16
cells, suggesting that ATF4 is also involved in angiogenic reti-
nopathy.”®~4° Both arsenite and HCA treatment produce a
transient phosphorylation of elF2«a followed by an increase in
ATF4 protein levels. This study produced the novel findings
that HCA induced the expression of both Nif2 and ATF4
transcription factors (Fig. 6C). It also showed that downregu-
lation of Keapl upregulates ATF4 expression (Fig. 2D), indi-
cating that stress induction of ATF4 expression may be regu-
lated mainly by the activation of Nrf2. Consistent with our
results, it has been recently shown that Nrf2 is a positive
regulator of ATF4.4!

In summary, the results of our study indicate that ATF4 is
transcriptionally regulated under oxidative stress and may be a
double-edged sword in the pathogenesis of various retinopa-
thies. Further studies are needed to investigate ATF4 target
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gene expression in eye tissues under various types of ER and
oxidative stress.
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Novel USH2A mutations in Japanese Usher syndrome
type 2 patients: marked differences in the mutation
spectrum between the Japanese and other populations

Hiroshi Nakanishi?, Masafumi Ohtsubo?, Satoshi Iwasaki®, Yoshihiro Hotta*, Shin-ichi Usami’,
Kunihiro Mizutal, Hiroyuki Mineta! and Shinsei Minoshima?

Usher syndrome (USH) is an autosomal recessive disorder characterized by retinitis pigmentosa and hearing loss. USH type 2
(USH2) is the most common type of USH and is frequently caused by mutations in USH2A. In a recent mutation screening of
USH2A in Japanese USH2 patients, we identified 11 novel mutations in 10 patients and found the possible frequent mutation
c.8559-2A>G in 4 of 10 patients. To obtain a more precise mutation spectrum, we analyzed further nine Japanese patients in
this study. We identified nine mutations, of which eight were novel. This result indicates that the mutation spectrum for USH2A
among Japanese patients largely differs from Caucasian, Jewish and Palestinian patients. Meanwhile, we did not find the
¢.8559-2A> G in this study. Haplotype analysis of the ¢.8559-2G (mutated) alleles using 23 single nucleotide polymorphisms

surrounding the mutation revealed an identical haplotype pattern of at least 635 kb in length, strongly suggesting that the
mutation originated from a common ancestor. The fact that all patients carrying c.8559-2A > G came from western Japan
suggests that the mutation is mainly distributed in that area; indeed, most of the patients involved in this study came from
eastern Japan, which contributed to the absence of ¢.8559-2A>G.
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INTRODUCTION
Usher syndrome (USH) is an autosomal recessive disorder character-
ized by retinitis pigmentosa (RP) and hearing loss (HL), with or
without vestibular dysfunction.' It is the most common cause of
combined deafness and blindness in industrialized countries, with a
general prevalence of 3.5-6.2 per 100 000 live births.>~” The syndrome
is clinically and genetically heterogeneous and can be classified into
three clinical subtypes on the basis of the severity and progression of
HL and the presence or absence of vestibular dysfunction.3'9

USH type 2 (USH2) is characterized by congenital mild-to-severe
HL and a normal vestibular response; it is the most common type and
accounts for >50% of USH cases.® Three causative genes have been
identified: Usher syndrome 2A (USH2A), G-protein coupled receptor
98 (GPRY8) and deafness, autosomal recessive 31 (DENB31).}1-14
USH2A, which encodes usherin, accounts for 74-90% of USH2
cases.!®>"17 Usherin is a large protein comprising many functional
domains (Figure 1a).!b12

Mutation analysis of USH2A for the full-length coding region
(exons 1-73) in Caucasian patients has revealed the frequent mutation

p.Glu767fs (¢.2299delG) in exon 13.8-2! We recently analyzed USH2A
in Japanese USH2 patients, in which the p.Glu767fs mutation was not
identified, and identified 11 novel mutations in 10 patients, indicating
that the mutation spectrum of USH2A in Japanese patients is con-
siderably different from Caucasians.’? As 8 of 10 patients had muta-
tions in USHZ2A, the incidence of mutations in the Japanese was
similar to that of Caucasians; furthermore, we found the c¢.8559-
2A>G splicing mutation in 4 of 10 patients. We suggested that
c.8559-2A>G was a possible frequent USH2A mutation among
Japanese USH2 patients. In this study, we further performed mutation
analysis of USH2A in nine USH2 patients to examine if our previous
findings were representative of the Japanese population and to obtain
a more precise mutation spectrum.

MATERIALS AND METHODS

Subjects and diagnosis

Nine unrelated Japanese patients were referred to Hamamatsu University
School of Medicine for genetic diagnosis of USH. All these patients were not
related to the previously reported patients?® and met the following criteria for
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Figure 1 (a) Schematic distribution of mutations identified in USH2A. Upper, USHZ2A complementary DNA (cDNA) with exon boundaries. Lower, usherin
domains encoded by USH2A. All mutations were widely distributed almost throughout the entire USH2A region without any apparent hot spot. The open
arrow indicates a mutation in an intron and closed arrows indicate mutations in exons. (b) Products of RT-PCR performed using primers to amplify USH2A
cDNA between exons 3 and 6. Agarose gel electrophoresis of the RT-PCR products revealed a single band of the size predicted from the normal sequence,
indicating that the nucleotide change (c.785-16_785-15delAT) had no effect on splicing and was presumably non-pathogenic. PCR was performed using
2 pg cDNA (total volume, 20 ul) with 40 cycles. The boxes with a number represent exons. The distance between the exons does not indicate the accurate
sizes of the introns. The open arrowheads indicate the PCR primers and the arrow indicates the nucieotide change. M, molecular marker (100-bp ladder);
C, control; P, patient. (c) Schematic distribution of the patients in whom at least one mutated allele was detected. Circles indicate patients included in this
study, and triangles and crosses indicate patients included in the previous study. In particular, crosses indicate the patients in whom ¢.8559-2A>G

was detected.

USH2: RP, congenital mild-to-severe HL and normal vestibular function.®
The clinical evaluation of the affected patients consisted of an elicitation of
their medical history, and ophthalmological and audiovestibular examinations.
The medical history included their place of birth, age at diagnosis of HL, age
at onset of night blindness and age at diagnosis of RP. The details of
the ophthalmological and audiovestibular examinations were described in a
previous report.”?

A set of 135 control subjects, selected from Japanese individuals with no
visual or hearing impairment, was used to access the frequency of nucleotide
sequence variations. The Institutional Review Board of Hamamatsu University
School of Medicine approved this study, and written informed consent was
obtained from all subjects before enrollment.

Mutation analysis

Genomic DNA was extracted from peripheral lymphocytes with standard
procedures. All 73 exons of USH2A and their flanking sequences were amplified
by PCR. The PCR products were purified with the Wizard SV Gel and PCR
Clean-up System (Promega, Madison, W1, USA) or treated with Exonuclease 1

and Antarctic Phosphatase (New England Biolabs, Ipswich, MA, USA). Direct
sequencing was performed using the BigDye Terminator version 3.1 Cycle
Sequencing Kit on an ABI 3100 Autosequencer (Applied Biosystems, Foster
City, CA, USA). The PCR primers used for USH2A amplification were
described previously.?? Using direct sequencing or a restriction enzyme-based
assay, we tested the Japanese control chromosomes for the novel mutations
identified during the mutation analysis.

In silico analysis for the pathogenicity of a missense mutation

We used the Sort Intolerant From Tolerant (SIFT) (http://sift.jcviorg)z” and the
polymorphism phenotyping (PolyPhen) (http://genetics.bwh.harvard.edu/pph/)®
programs to analyze the pathogenicity of a missense mutation. The results from
SIFT analysis are given by a probability from 0-1, where mutations with a
probability <0.05 are predicted to be ‘deleterious; whereas those with a
probability >0.05 are predicted to be ‘tolerated PolyPhen describes the
mutations as ‘benign,’ ‘possibly damaging’ or ‘probably damaging’ We applied
these programs as described by McGee ef al.?®
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Reverse-transcriptase (RT)-PCR

We previously showed the significant expression of mRNA in hair roots for
seven of nine USH-causing genes (including USH2A);*7 therefore, we used total
RNA extracted from hair roots and performed RT-PCR to examine the effect of
a splicing site change on transcript. Novel PCR primers were designed: forward
primer, 5-GCACAGTAAATGGTTTGCAACCTCCAA-"3 located in exon 3; and
reverse primer, 5-AGGATGGGCTTCAGGATTCAACCG-'3 in exon 6. The
amplification conditions were as follows: denaturation at 94 °C for 2 min, 40
cycles of 98 °C for 105, 60 °C for 30's and 68 °C for 1 min, and a final extension
at 68°C for 5min.

Haplotype analysis

Haplotype pattern within the region surrounding position ¢.8559-2, where the
‘frequent’ Japanese mutation ¢.8559-2A>G was found, was analyzed using a
set of 23 single nucleotide polymorphisms (SNPs) (10 sites upstream and 13
sites  downstream), which were previously described by ourselves or
others.! 31820222829 Haplotype analysis was performed by a direct sequencing
method.!>1%22

RESULTS

Mutation analysis

Mutation analysis of USH2A in the nine unrelated Japanese patients
revealed nine probable pathogenic mutations in seven patients (Tables
1 and 2; Figure la). Of these, eight mutations were novel (Table 2).
The p.Argl777Trp missense mutation was identified in two patients
(C552 and C187), whereas the other mutations were detected in one
patient each. The mutations were widely distributed almost through-
out the entire region of USH2A, without any apparent mutation hot
spot (Figure la). Two mutations (p.Cys4236X and p.Arg4526X) were
found in a homozygous state, of which p.Argd526X could probably be
accounted for by consanguinity (Supplementary Figure 1). In four of
the seven patients (C696, C112, C644, and C552), two probable
pathogenic alleles were identified and confirmed to be on different
chromosomes by using parent or sibling samples (Table 1). For patient
C187, segregation analysis could not be performed due to the
difficulties in collecting samples from family members. Therefore,
we could not confirm whether the two mutations (p.Argl777Trp and
p.Pro2404ValfsX9) were located on different chromosomes. In two
patients (C185 and C406), only one mutation was identified; the other
mutation remained undetected. None of these nine mutations were
found in the Japanese control chromosomes (Table 2).

In the nine mutations identified in this study, seven were of the
truncated type, whereas two (¢.1840+1G> A and p.Argl777Trp) were
not. The ¢.1840+1G>A splicing mutation was presumed to be
pathogenic because the mutation affected the strictly conserved
sequences of a splicing donor site and was not found in 270 Japanese
control chromosomes. Its precise effect on splicing was not examined
as RT-PCR analysis could not be performed due to the difficulties in
collecting hair roots from patient C644. The p.Argl777Trp missense
mutation was also presumed to be pathogenic because the mutation
was found in two patients (C552 and C187), but not in 270 Japanese
control chromosomes. However, Argl777 in usherin encoded by
USH2A was not evolutionally conserved compared with that encoded
by orthologous genes of various vertebrates. In silico analysis for the
pathogenicity of this mutation with the SIFT and PolyPhen programs
generated a ‘tolerated’ rating (probability 0.09) by SIFT and a ‘possibly
damaging’ rating by PolyPhen, which did not exclude the small
possibility that this mutation is non-pathogenic. Thus, further analysis
may be necessary to determine the precise nature of the mutation.

In addition to the probable pathogenic mutations listed in Table 2,
36 sequence alterations were identified (Table 3 and Supplementary
Table 1). These alterations were predicted to be non-pathogenic for
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Table 1 Clinical information of patients in whom probable pathogenic mutations were identified

Visual acuity

Age (vears)®

Mutations?®

Cataract Severity of HL  Caloric test

Fundus of the eye

Visual field ERG

RP  Right Left

NB

HL

Allele 2

Allele 1

Age  Gender

Patient

Homozygotes

Normal

Moderate
Severe

None

Typical RP

Extinguished

(ll/4e)

107 (V/4e)

30-80

0.5

3 18 20 0.4
13 11 12

p.Cys4236X

p.Cys4236X

F
M

35

48

C696

Extinguished  Typical RP Both eyes Normal

0.3

0.15

p.Argd526X

p.Argd526X

Cl12

Compound heterozygotes

Normal

Moderate
Moderate
Moderate

Left eye

Typical RP

Extinguished

(V/de)

10

0.06
0.15

10 27 0.07
0.1

15

6
10

p.Tyr3776X
p.He3055MetfsX2

¢.1840+1G>A
p.Argl777Trp

F
F
F

47

C644
C552

Normal
NA

Both eyes
None

Typical RP

Extinguished

5° (V/4e)

35
20-30

29

58
30

Typical RP

Extinguished

(H1/4e)

1.2

4 1.2

p.Argl777Trp; p.Pro2404ValfsX9

Cc187

Heterozygote®

Normal

Severe
Mild

Both eyes
None

Typical RP

Extinguished

(V/de)

10
with scotomas (111/4e)

35 03 0.3
0.7

28

11
21

Unknown

p.GIn3157X

F

53
37

C185
C406

Extinguished  Typical RP Normal

40-60

0.7

p.Lys2079X; Unknown

Abbreviations: ERG, electroretinography; HL, hearing loss; NA, data not available; NB, night blindness; RP, retinitis pigmentosa.
2Semicolons that connect mutations indicate that mutations could not be assigned to a paternal or maternal al

bAge at diagnosis of HL, age at onset of NB and age at diagnosis of RP are shown.

“For two patients (C185 and C406), the other pathogenic aliele remained undetected.
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Table 2 Probable pathogenic mutations identified in the Japanese USH2 patients examined in this study

Mutation type Nucleotide change Predicted translation effect Exon/intron number Domain Number of alleles  Alleles in control chromosomes —Reference

Nonsense c.6235A>T p.Lys2079X Exon 32 FN3 1 0/64 This report
¢.9469C>T p.GIn3157X Exon 48 1 0/130 This report
c.11328T7>G p.Tyr3776X Exon 58 FN3 1 0/64 20
c.12708T>A p Cys4236X Exon 63 FN3 2 0/220 This report
c.13576C>T p.Argd526X Exon 63 2 0/64 This report

Frameshift €.7210_7211delCCinsG  p.Pro2404Vvalfsx9 Exon 38 FN3 1 0/64 This report
¢.9165_9168delCTAT p.lle3055MetfsX2 Exon 46 FN3 1 0/64 This report

Splicing c.1840+1G>A intron 10 1 01270 This report

Missense c.5329C>T p.Argl777Trp Exon 27 LamG 2 0/270 This report

Abbreviations: FN3, fibronectin type 3 domain; LamG, laminin G domain.

Table 3 Presumed non-pathogenic alterations that have never been reported

Nucleotide change Predicted translation effect Exon/intron number Domain Number of alleles Alleles in control chromosomes

€.785-16_785-15delAT Intron 4 1 1/270

¢.5573-36delC Intron 27 1 7/130

¢.9258+15T7>C Intron 46 2

c.13847G>T p.Gly4616Val Exon 64 FN3 2

c.14642G>C p.Ser4881Thr Exon 67 FN3 2 3/270

Abbreviation: FN3, fibronectin type 3 domain.

various reasons. Many of them have been reported as polymorphisms
in previous reports (Supplementary Table 1). One of the two newly
identified alterations within the exons (p.Ser4881Thr) was also iden-
tified in the control chromosomes. The other alteration, p.Gly4616Val,
was also considered benign because the alteration was detected
tlogether with probable pathogenic mutations in patient C187. Two
of the three intronic alterations that were in or close to a splicing
donor site or branch point sequences (c.785-16_785-15delAT and
¢.5573-36delC) were also identified in the control chromosomes. As
¢.785-16_785-15delAT was only found in one control chromosome,
RT-PCR analysis was performed to examine its precise effect on
splicing. Agarose gel electrophoresis of the RT-PCR products revealed
a single band of the size predicted from the normal sequence,
indicating that the nucleotide change had no effect on splicing and
was presumably non-pathogenic (Figure 1b).

Haplotype analysis

The ¢.8559-2A > G splicing mutation, which we previously reported as
a possible frequent Japanese mutation, was not detected in any
patients in this study. To characterize the alleles, which harbor
¢.8559-2A >G, we analyzed the haplotype pattern of 23 SNP sites
(listed in Table 4) within the region surrounding the mutation site for
the ¢.8559-2G and ¢.8559-2A alleles of all patients in whom at least
one mutated allele was detected in this and previous reports.

In all four patients with ¢.8559-2A>G (C152, C452, C557 and
(C237), the USH2A mutations were in the compound heterozygous
state, as we previously reported (Supplementary Table 2). Twenty
SNPs located from exon 2 to intron 61 showed the exactly same
haplotype pattern for the ¢.8559-2G (mutated) alleles in three patients
(C152, C452 and C557, Table 4). In contrast, the c.8559-2A alleles in
these three patients as well as other patients without ¢.8559-2A>G
showed considerably different haplotype patterns (Table 5). As for
patient C237, two heterozygous SNP sites in introns 52 and 60 could
not be assigned to the ¢.8559-2A or ¢.8559-2G allele because of
difficulties in obtaining family samples. However, all of the other 18

SNP patterns from exon 2 to intron 61 coincided with the ¢.8559-2G
alleles, but not with any of the ¢.8559-2A alleles.

Clinical findings

All seven patients in whom at least one mutated allele was identified
had developed night blindness at 10-21 years old (meanzs.d,,
14 + 4.1 years) and had been diagnosed with RP by ophthalmologists
at 12-35 years old (27 = 8.2 years, Table 1). In all patients, the visual
fields were symmetrically constricted, pigmentary degeneration was
typical for RP with peripheral bone-spicule pigmentation and stan-
dard combined electroretinography was extinguished. The best-cor-
rected visual acuity ranged from 1.2 to 0.06. Three patients (C112,
C552 and C185) reported having cataracts and underwent cataract
surgery in both eyes.

The patients were diagnosed with hearing impairment by otorhi-
nolaryngologists at 3-13 years old (6.7%3.5 years, Table 1). All
patients had intelligible speech and wore hearing aids, except for
patient C406. Tympanometry yielded normal results consistent with
the clinical findings of a normal tympanic membrane and middle ear
cavity. Audiograms showed bilateral mild-to-severe sensorineural
HL with a typical slope toward high frequencies (mean level,
63.6115.6dB).

A delay in motor development was not reported, and all patients
started walking before they were 18 months old. The caloric test was
normal among all the patients on whom the test was performed; the
caloric test was not conducted on patient C187 (Table 1). These results
indicate that all patients, except for patient C187, had normal
vestibular function, although additional evaluations (for example,
the rotary chair test) with potentially greater sensitivity for detecting
subtle vestibular dysfunction were not performed.

DISCUSSION

We previously described 14 USH2A mutations from 10 Japanese
USH2 patients, of which 11 were novel.?? In this study, we identified
nine different mutations from nine patients, of which eight were
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Table 4 USHZ2A haplotype patterns of ¢.8559-2G alleles (genotypes of the patients are shown in Supplementary Table 2)

c152 C452 C557 c2378

Nucleotide nomenclature Accession number Exon/intron number Distance from the ¢.8559-2A> G (kb) AL2 ALl ALl

c.373A>G 1s10779261 Exon 2 544.1 A A A* A
c.504G>A 1s4253963 Exon 3 540.8 G G G* G
c.1419C>T rs1805050 Exon 8 4457 C C* c* C
c.1644+34C>A 1s7515253 Intron 9 444 A A* A* A
¢.3157+35A>G rs1324330 intron 15 339.5 A A A* A
¢.3812-8T>G 1s646094 Intron 17 320.7 T T T* T
c.4457G>A rs1805049 Exon 21 2975 A A A* A
c.6317T>C 1s6657250 Exon 32 168.6 T* T T T
c.6506T>C rs10864219 Exon 34 121.2 T T* T* T
¢.7300+43C>T 1s41277206 Intron 38 56.7 [ C c* C
Intron 42 G G G AlG
c.8656C>T rs41277200 Exon 43 0.067 Cc* c C C
c.9343A>G 1s56032526 Exon 47 39.9 A* A A A
c.9595A>G rs4129843 Exon 49 64 A* A A A
c.10232A>C 1510864198 Exon 52 91.1 C [0 C* c
¢.10388-27T>C 157518466 Intron 52 94.9 C C C* 7C
c.11231+45C>T 1517025373 Intron 57 118.3 c* C* C C
c.11504C>T rs11120616 Exon 59 134.7 C C C C
c.11602A>G rs35309576 Exon 60 136.4 A A A A
c.11711+71A>T 1s6694510 Intron 60 136.6 T T T* AT
c.12066+73A>G 1s78380529 Intorn 61 149.9 A A* A A
c.12612A>G rs2797235 Exon 63 202.6 G* A G G
c.12666A>G 1s2797234 Exon 63 202.6 A A A A
c.13191G>A 1s2009923 Exon 63 203.2 G* A G G

Abbreviation: AL, allele.
Nucleotides described in bold italic style denote that they are different from the others.

Asterisks above nucleotides indicate that segregation analysis was performed to determine which of the two nucleotides exist on the ¢.8559-2G allele.
AFor patient C237, segregation analysis was not performed because samples from family members were not available.

novel. As one of these mutations had been previously identified in
Scandinavian palients,20 all of the mutations found in this study were
different from the 14 mutations we previously identified. In total, we
have identified 23 mutations in 15 of 19 patients, of which 19 were
novel. Four mutations, which had been identified in non-Japanese
populations, did not include p.Glu767fs, the most prevalent mutation
in Caucasians that accounts for ~30% of mutated alleles.'32! These
results indicate that the mutation spectrum for USHZ2A among
Japanese patients largely differs from Caucasian, Jewish and Palesti-
nian patients.!218-21:26:29-32 1y spite of this difference, the frequency of
Japanese patients carrying USH2A mutations in USH2 (79%) is
similar to that of the above-mentioned populations.!8-203032 For
these reasons, mutation screening for USH2A is a highly sensitive
method for diagnosing USH2, but mutation screening for the
p.Glu767fs mutations is not effective among Japanese patients.

In this study, we did not identify the ¢.8559-2A>G splicing
mutation, which we previously reported as a possible frequent muta-
tion in Japanese USH2 patients. SNP analysis for the region surround-
ing ¢.8559-2 for the ¢.8559-2G (mutated) and ¢.8559-2A (non-
mutated) alleles was performed on 15 patients. For the ¢.8559-2G
alleles, we identified the same haplotype pattern over a long range
from exon 2 to exon 52 (at least 635kb) in all four c.8559-2A>G
patients; however we did not observe such a haplotype pattern for the
c.8559-2A alleles. This indicates that the 635-kb region including
€.8559-2A > G is in linkage disequilibrium and strongly suggests that
the mutation originated from a common ancestor. In three patients,
except for patient C237, the common haplotype region was even
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longer (at least 694 kb from exon 2 to intron 61). It is quile possible
that the ¢.8559-2G allele of patient C237 also has the same haplotype
pattern with that of the other three patients from exon 2 to intron 61;
however, we could not examine this in this patient. If that is the case,
the 694-kb linkage disequilibrium region is common in all of the
¢.8559-2G alleles in this study.

It may be worth describing that the four ¢.8559-2A>G patients
were born in western Japan. A possible reason why we did not find the
splicing mutation in this study may be that the nine patients analyzed
in the present study are mostly from eastern Japan (Figure 1¢). Even
though the number of patients studied was small, these findings may
suggest that the mutation is distributed mainly in western Japan. The
fact that ¢.8559-2A>G was also detected in two Chinese patients
suggests the possibility that the mutation occurred in an ancient
common ancestor.*> Further analysis is necessary to obtain a more
precise mutation spectrum of USHZ2A in the Japanese.

In conclusion, mutation screening of USH2A elucidated nine
mutations in seven of nine patients, confirming that mutation screen-
ing of USH2A is effective for the early diagnosis of USH2 and the
mutation spectrum of Japanese patients differs from the spectra of
various ethnicities, including Caucasian, Jewish and Palestinian. Hap-
lotype analysis of the ¢.8559-2A > G allele indicated that it originated
from an ancestral mutational event and the mutation was likely to be
distributed mainly in western Japan. Most of the patients involved in
this study came from eastern Japan, which contributed to the absence
of ¢.8559-2A > G in this study. Further analysis is necessary to obtain a
more precise mutation spectrum of USH2A in the Japanese.
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Table 5 USHZ2A haplotype patterns of c.8559-2A alleles (Genotypes of the patients are shown in Table 1 and Supplementary Table 2)

696 c11z c644 €552 C187% (C185 C406° (712 Cl16  CI52° (¢452° ¢557° €2372P 2127 €332
Nucleotide ——“
nomenclature ALL AL2 ALl ALZ2 AL1 AL2 ALl ALZ ALl ALl AL2 ALl AL2 ALl  AL2  ALZ ALl
¢.373A>G G G A A A A A A A A AG A A A G A A G A A A
¢.504G>A A A G G G G G G G G GA G G G A G G A G G G
c.1419C>T c ¢ ¢ ¢ ¢ ¢ ¢ ¢ C C cor ¢ ¢ ¢ T ¢ T T c c c
c.1644+34C>A A A A A A A A A A A c A A A C A c c A A A
c3157+35A>6 G G A A A A A A A A AG A A A G A A G A A A
€.3812-8T>G T T T T T T T T T T e T T T G T T G T T T
c.4457G>A G G A A A A A A A A GA A A A G A A G A A A
€.6317T>C T T T T ¢ ¢ ¢ ¢ T c e ¢ ¢ T T c T T T T/C T
¢.6506T>C c ¢ ¢ ¢ ¢ ¢ ¢ ¢ c c c T ¢ ¢ ¢ c c c T c c
€7300443¢>T ¢ € C € € C C ¢ ¢ C o c ¢ ¢ ¢ ¢ c T c C ¢
A A A A A A A A A A A A A A A A A A AIG A A
¢.8656C>T c ¢ 1T T T T C ¢ C T C c ¢ ¢ ¢ T [ C c C C
€.9343A>G A A 6 G A A A A A G AG A A A A G A A A A G
c.9595A>G AL A G G A A A A A G AG A A A A G A A A A G
¢.10232A>C c ¢ ¢ ¢ ¢ ¢ ¢ ¢ C C AC C C C C c c A C AlC C
c.1038827T=C € ¢ C€C € ¢ € ¢ ¢ c c " ¢ Cc ¢ ¢ C C T 7/C TIC o
cll231+45¢c>T T T T T € T T C CT ¢ C c T T T T T [ c cIT C
€.11504C>T c ¢ T T T C C ¢ C c o T T ¢ ¢ C C c C c C
¢.11602A>G A A G G G A A A A A AG G A A A A A A A A A
c117114+71A>T T T T T T T T A AT A AT T T T T T T A AT AT A
c.12066+73A>G A A A A A A A A AG A A A A G G A G A A A A
c.12612A>G A A A A A G AIGE AIG G AG G G A A A A G G G A
c.12666A>G A A A A A A A A A G AMG A A A A A A A A AIG  AGE
c.13191G>A A A A A A G A G GA G GA G G A A A A G G G A

Abbreviation: AL, allele.

Nucleotides described in bold italic style denotes that they are different from that of ¢.8559-2G alleles ranging from ¢.373A>G to ¢.12066+73A> G shown in Table 4.

3For four patients (C187, C406, C237 and C212), segregation analysis was not performed because samples from family members were not available.

bFor four patients (C152, C452, C557 and C237), the haplotypes for ¢.8559-2G alleles are shown in Table 4.

“For two single nucleotide polymorphisms (c.12612A>G on patient C552 and ¢.12666A> G on patient C332), genotyping was incomplete because both of the parents also had A/G alleles.
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