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Abstract

Purpose : To survey the surgical results of unilat-
eral recession-resection surgery for intermittent
exotropia of children through a multicenter study in
Japan.

Subjects and methods © A retrospective study was
performed at 6 Japanese hospitals. A total of 377
patients who underwent the first surgery of unilater-
al recession-resection, at the ages of 4 to 12 years
with a follow-up of more than 3 years were included.
Those who had amblyopia or vertical deviation were

excluded. Ocular deviations before and after surgery,
type of exotropia, the age at surgery and the size of
the surgical operations were studied. The change in
deviation by surgery {surgical effect ;s PD/mm) and
final deviation between 15 PD exodeviation and 10
PD esodeviation was categorized as a cure. Factors
affecting to the cure were statistically evaluated.
Resulls : The average age at surgery was 6.7
vears, the average of preoperative deviation was
31.6 PD and the average size of surgery (recession +
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resection) was 11.1 mm. The surgical effect and the
preoperative deviation were posmvely related. Two
hundred and sixty cases among the 377 cases(69.0%)
were determined as beis Preoperative devia-
tion of less than 30 PD }and one-week postop-
erative esodeviation - . _i‘)ﬁ:were ,sigiiﬁﬁcanﬂy
related to the cure. ; o

Conclusions * The fhsmbutmn of surglca} ‘age and
preeperamfe dewatmn csf mtemuttent extropxa of
chﬂdren Were celucidated. Preoperanve &ewatmn

AWHEHR I B B 0 B RETR - Wil , 441

under 30PD and esodeviation (overcorrection) at
one-week postoperative time were significantly relat-
ed to the cure.

Nippon (xanka (:akkat Zasshi(J Jpn Ophthalmol Soc
115 440—-"446 2011)

‘nief:‘mittent exotropia, Unilateral
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- Surgical results
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Mutations in the TSPANT2 Gene in Japanese Patients
with Familial Exudative Vitreoretinopathy

HIROYUKI KONDO, SHUNJI KUSAKA, AKI YOSHINAGA, EIICHI UCHIO, AKIHIKO TAWARA,
KENSHI HAYASHI, AND TOMOKO TAHIRA

® PURPOSE: To search for mutations in the TSPAN12
gene in 90 Japanese probands with familial exudative
vitreoretinopathy (FEVR) and their family members
and to determine the types and frequencies of the
mutations.

® DESIGN: Laboratory investigation and clinical case
analyses.

® METHODS: Direct sequencing after polymerase chain
reaction of the coding exons of TSPAN12 was performed
for 90 probands with FEVR and some of their family
members. The clinical signs and symptoms that were
characteristic of individuals with TSPAN12 mutations
were determined.

® RESULTS: Three families were found to carry 2 muta-
tions in TSPANI12. One of these mutations was a new
missense change, L245P, and the other was an already
reported nonsense mutation, L140X, in 2 families. Muta-
tions in TSPANI12 accounted for 3% of Japanese FEVR
patients and 8% of the FEVR families who did not have
mutations in any of the known FEVR genes, FZD4, LRP5,
and NDP. The clinical signs and symptoms varied among
the patients, but the retinal findings with TSPAN12 muta-
tions were not different from those with mutations in the
known FEVR-causing genes.

® CONCLUSIONS: Mutant TSPAN12 is responsible for
approximately 3% of FEVR patients in Japan. The results
provide further evidence that mutations in TSPAN12 are
FEVR causing and that the gene products most likely play
a role in the development of retinal vessels. (Am ]
Ophthalmol 2011;xx:xxx. © 2011 by Elsevier Inc. All
rights reserved.)

a hereditary disorder that is characterized by de-
fects in the development of retinal vessels and is
manifested by different retinal pathologic features, in-
cluding retinal folds and retinal detachments.!? The

F AMILIAL EXUDATIVE VITREORETINOPATHY (FEVR) IS
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expressivity of the disease differs widely between and
within families. Most individuals remain asymptomatic,
and the consistent signs of FEVR are abnormal retinal
vessels and avascularization of the peripheral retina.’

FEVR is genetically heterogeneous, and 3 genes are
known to be responsible for FEVR. Mutations in the genes
coding for the Wnt receptor pair, frizzled-4 (FZD4), and
low-density lipoprotein receptor-like protein 5 (LRP5), are
known to cause FEVR.>* Mutations in genes coding for
the ligand of the receptor pair, norrin (NDP), also cause
FEVR and Norrie disease (ND).> The ligand-receptor
complex activates canonical Wnt signaling and controls
vascular development in the retina.® Mutations in FZD4
cause autosomal dominant FEVR, mutations in LRPS
cause autosomal dominant or recessive FEVR, and muta-
tions in NDP cause X-linked recessive FEVR.>™7

Recently, a transmembrane protein, TSPANI12, was
found to be expressed in the retinal vascular endothelial
cells and to enhance Wnt signaling through FZD4 and
LRP5.8 This study was followed by 2 studies that demon-
strated 9 mutations of this gene in autosomal dominant
FEVR patients.”!® Because of our interest in the genetic
basis of FEVR, we have examined our Japanese patients
with FEVR to determine whether TSPANI2 mutations
were present in them. We show that mutations in the
TSPANI2 gene were found in only approximately 3% of
the Japanese FEVR patients.

METHODS

® PARTICIPANTS AND CLINICAL EXAMINATIONS: Ninety
probands, 39 familial and 51 simplex, with FEVR and 7
cases with ND were studied. All patients were Japanese
and were born at term of normal weight. The diagnosis of
FEVR was based on the presence of peripheral retinal
avascularization with abnormal retinal vascular changes as
well as the other typical clinical signs: severe retinal
exudates, retinal neovascularization, peripheral fibrovascu-
lar mass, ectopic macula, retinal folds, and retinal detach-
ment. The diagnosis of ND was made for boys who had
bilateral retinal detachment or retinal folds with retro-
lental fibrous tissue and blindness within the first year of
life. Ocular examinations included refraction, visual acu-
ity, intraocular pressure, slit lamp, fundus, and ultrasonog-
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TABLE 1. Sequences of Polymerase Chain Reaction Primers Used to Amplify TSPAN12
Coding Exons

FHlime PCR Product
Exon Forward (5'—3') Reverse (5'—3') Size (bp)
2 attGGTGAGATGTCCCGTGTTICT gtTAATGCTTAGCCATGCCCTT 270
3 aTTTCAAGATGCAGCAAATGG GTTGCTATGGGCAGGAAAAA 333
4 atTGCTATGTCTTGGGTGCATT gttAAACGAAAGCGTCCCTTCTT 331
5 aTTTCCCCATCTGCTTCTGAG gttAAAAGGCTGAACTGTTGTTTTAGA 267
6 attGAGCTACAGCTGTTGATATTTTGC  gttAAACATCTGGTTTGAAGGTGC 210
7 atTGATGACAGATATAGCTCTGGGT gttGGAAAATTTCATTGGCATATTG 346
8 attGCTTTCCCTGAGAACCACTG gtTGCTTAGGTGTTATTTTATGGCAA 574

PCR = polymerase chain reaction.

The 5’-end of each primer was designed to have an ATT or GTT for postlabeling purposes.' When
necessary, extra nucleotides (lowercase) were attached.

raphy. Fluorescein angiography was performed on 20
probands.

® LABORATORY STUDIES: Deoxyribonucleic acid samples
were extracted from peripheral blood using a deoxyribonu-
cleic acid extraction kit (QiaAmp; Qiagen, Chatsworth,
California, USA). To identify mutations in the coding exons
(exons 2 to 8) of the TSPANI2 gene, oligonucleotide
primers on the flanking intron and untranslated region
sequences were designed (Table 1). Polymerase chain
reaction and sequencing were conducted as described.!!
The annealing temperature for polymerase chain reaction
was 60 °C for all exons. After sequence changes were
detected in the probands, samples from other family
members were analyzed by direct sequencing as well as
denaturing high-performance liquid chromatography. Be-
fore this study, mutations in 3 genes, FZD4, LRP5, and
NDP, known to cause FEVR had been analyzed in these

patients.1 1,12

RESULTS

TWO NEW NONSYNONYMOUS SEQUENCE CHANGES IN THE
coding sequence of the TSPANI2 gene were found in 2
probands from Families 1 and 2 with autosomal dominant
FEVR (Figure 1): c.734T—C (L245P) and ¢.154G—C
(E52QQ). L245 is located at the C-terminal cytoplasmic tail
region and could provide specific functional links to
cytoskeletal or signaling proteins.!® E52 is located in the
short extracellular loop. Both residues and the surrounding
regions were conserved in humans and other vertebrates
(Figure 1).

None of the sequence changes were found in 380
chromosomes from 190 healthy volunteers. Direct se-
quencing as well as denaturing high-performance liquid
chromatography analysis revealed that both changes were
transmitted heterozygously and were cosegregated with the
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disease except for a sister of the proband in Family 2
(Figure 1). This patient was diagnosed with FEVR because
of abnormal retinal vessels with vitreous degeneration, but
did not have the E52Q) change. Therefore, we could not
conclude that E52QQ is responsible for FEVR.

One recurrent mutation c.419T—A (L140X) also was
found in a sporadic patient (Family 3) and in a proband
with autosomal dominant FEVR (Family 4). The mutation
in Family 4 was reported previously.'® Subsequent analysis
of family members revealed a total of 6 mutations when the
E52Q) change was excluded (Figure 1). The clinical symp-
toms varied among the patients carrying the TSPANI2
mutations from mild vascular changes with retinal degener-
ation to severe bilateral retinal folds (Table 2 and Figure 2).
The clinical signs and symptoms of patients with the
TSPANI2 mutation were not different from those with
mutations in known FEVR-causing genes.

Thirty-three FEVR patients who carried mutations
either in FZD4 or LRPS had no mutations in TSPAN12.
Seven ND patients who had been shown to carry
mutations in NDP had no mutations in TSPANI2.
Thus, TSPANI2 mutations may not be responsible for
typical ND.

In addition, we found 3 known polymorphisms, 2 new
nucleotide changes in introns, and 1 new synonymous
nucleotide change in TSPAN12: IVS2-23G—A, c.91A—
G, IVS6-80T—A, IVS7-81A—G (rs17142959), c.765G—
T (1s41623), and ¢.*39C—T (rs41622). These were not
considered to be responsible for FEVR.

DISCUSSION

WE EXAMINED 90 JAPANESE PATIENTS WITH FEVR FOR MU-
tations in the TSPANI2 gene. Two patients with familial
FEVR and 1 with sporadic FEVR were found to carry
heterozygous mutations in TSPANI12. Our data indicated
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A: c.734T->C (L245P)

ACTCTGCNCTGG

B: ¢.154G->C (E52Q)

GCTTCCTNTACCC

C: c.419T->A (L140X)

TATGGATNACCT.,

E52Q L245P
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FIGURE 1. Chromatograms and pedigrees of 4 families with familial exudative vitreoretinopathy. (Top left) Mutations and
nonsynonymous changes in the TSPAN12 genes in patients with familial exudative vitreoretinopathy. Arrows indicate the positions
of the altered nucleotides. E52(QQ is shown in the antisense direction. (Top right) Protein sequence alignment of TSPAN12 with
homologues from human and other vertebrates with arrows indicating the amino acid changes. Sequence data were derived from
GenBank or SwissProt based on a previous study (Poulter and associates'®). Asterisks (*) indicate highly conserved amino acids.
(Bottom) Pedigrees of 4 families illustrating the cosegregation of the TSPAN12 mutations with familial exudative vitreoretinopathy
in Families 1 through 4. Solid symbols indicate individuals with a diagnosis of familial exudative vitreoretinopathy. Arrows indicate
probands. Individuals from whom sequence data were obtained are numbered. A, B, and C indicate the sequence changes L245P,
E52Q), and L140X, respectively, which also are indicated above the trace data at the top. Plus (+) indicates a wild-type sequence.
Results of denaturing high-performance liquid chromatography (DHPLC) are shown below each genotype. For Family 1, a wild-type
pattern of DHPLC is shown in the Inset because deoxyribonucleic acid for an unaffected individual is unavailable. Note that a sister
of the proband of Family 2 (filled with gray) was diagnosed with mild familial exudative vitreoretinopathy, but did not carry the
mutation in TSPAN12. The mutation in Family 4 has been reported previously.'®

that mutations in TSPAN12 accounted for 3% of Japanese
families with FEVR and 8% of the families in which no
mutations were found in any of the genes known to be
responsible for FEVR.

Our findings confirm 2 recent studies that reported
that TSPAN12 causes FEVR. Both reports showed that
mutations in TSPANI2 accounted for approximately
10% of mainly white patients in whom mutations have
not been identified in the known genes.®!°® Thus, the
frequencies of mutations in this gene are similar in the
2 populations.

TSPANI12 is one of the members of tetraspanin super-
family. These proteins share 2 highly conserved features;

VoL. xx, NO. x

the 4 transmembrane domains contain well-conserved
residues, and the second extracellular loop has a Cys-Cys-
Gly sequence and additional cysteines (Figure 3). Tetras-
panins are known to participate in a spectrum of
membrane-associated activities involving cell adhesion,
cell proliferation, and activation of signaling pathway.'*
These proteins not only build homomultimer but also bind
specifically and directly to other proteins.!> TSPANI?2
interacts specifically with Norrin or LRP5 and enhances
the mutlimerization of the norrin/FZD4/LRP5 complex in
the retina.® Defective TSPAN12 possibly causes a reduc-
tion in norrin/FZD4/LRP5 signaling, which controls the
angiogenic program.

TSPANT2 MUTATIONS IN FEVR 3



TABLE 2. Mutations in TSPAN12 Gene and the Associated Clinical Findings in Patients with Familial Exudative Vitreoretinopathy

Peripheral Retinal Falciform
Sequence Visual Acuity Avascular Vessels Vitreous Ectopic  Fibrous Retinal
Family ID%/Age (yo)/Sex Change (Refraction) Retina Abnormality Degeneration Macula  Tissue Fold Comments
1 11-1/37/F L245P 1.2 (nc) BE BE BE BE No No No
I1:1/15/F (proband) L245P  0.06 (—2.5 D) RE; BE BE BE No RE RE PHC LE
0.6 (—6.0 D) LE
1:2/13/M L245P 1.2 (nc) BE BE BE BE No No No
3 11-1/11/M L140X NLP RE; LE®? LE® NA No BE BE VxLx BE at 1 yo,
(proband) 0.1 (+13.0 D) LE phthisical RE,
aphakic BE
4 [-1/42/M L140X 1.2(—4.0 D) BE BE BE No No No No
II-1/12/F (proband)  L140X 0.07 (+18.0 D); BE BE NA BE BE No VxLx BE at 0 yo,
0.1 (+18.0 D) aphakic BE

BE = both eyes; D = diopters; Esx = esotropia operation; F = female; LE = left eye; Lx = lensectomy; M = male; NA = not analyzed;
nc = not correctable; PHC = photocoagulation; RE = right eye; Vx = vitrectomy; yo = year(s) old.

ldentifications are referable to Figure 1, Bottom.

°Findings on the right eye were not available because of phthisis.

FIGURE 2. Fundus photographs of patients with familial exudative vitreoretinopathy carrying mutations in TSPAN12. (Top left)
Fundus photograph of the right eye of the proband of Family 1 showing a retinal fold resulting from retrolental fibrous tissues. (Top
right and Bottom) Fundus photographs of the left eyes of the probands of Families 3 and 4 showing a dragged macula.

So far, 9 mutations in TSPANI2 have been identified | mediated decay of the messenger ribonucleic acid.'® One
(Figure 3). Of these mutations, at least 5 (insertion, deletion, missense mutation, A237P, was suggested to be subjected to
nonsense, and splicing) are predicted to result in truncated | proteolytic degradation.” Based on these data, haploinsuffi-
proteins that may not be synthesized because of nonsense- ciency of TSPANI12 was proposed as the cause of FEVR.
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FIGURE 3. Schematic diagram of the structure of TSPAN12

and locations of mutations and nonsynonymous change identi-
fied in the TSPAN12 gene in familial exudative vitreoretinopa-
thy patients. TSPAN12 contains 4 transmembrane domain
(shaded boxes), and the first and second extracellular loop
domains (filled boxes) are highly conserved. White boxes
indicate intracellular regions. Vertical bars indicate exon—
intron boundaries. Horizontal bars indicate a conserved Cys-
Cys-Gly sequence (CCG) and the partner cysteins (C) that
form disulfide bridges. One nonsense mutation and 2 nonsyn-
onymous sequence changes identified in this study are at the
top. Note that E52(QQ did not cosegregate with disease and may
not be responsible for familial exudative vitreoretinopathy
(asterisk). Mutations previously reported by Nikopoulos and
associates and Poulter and associates are at the bottom.”'°
Missense mutations are shown in italics.

The expression of the clinical features of the patients
with TSPAN12 mutations differed widely, as shown in
Table 2 and Figure 2. The probands showed relatively
severe retinopathy, for example, retinal folds, whereas

the other family members often were asymptomatic, as
has been reported in individuals who carry mutations in
other FEVR-causing genes. The retinal findings in
patients with TSPANI12 mutations were not different
from those with mutations in FDZ4 and LRPS,'° al-
though retinal exudates were not found in our patients.
Mutations in LRP5 are known to cause reduced bone
density,!! but we did not examine the systemic changes
in the patients with TSPAN12 mutations in detail.

For Family 2, a change in E52Q was found in 3
individuals with FEVR, whereas the same change was
not found in a sister of the proband who also had mild
FEVR. The lack of cosegregation suggests that E52Q) is
a nonpathogenic polymorphism. However, the genetic
background of FEVR is likely to be more complex than
that of Mendelian pedigree patterns.!"'® A possibility
remains that this family has an unknown genetic back-
ground that may make them susceptible to the disease
depending on the E52Q change. Functional analysis is
required to assess the effect of this change.

In conclusion, we examined 90 patients with FEVR
for mutations in the TSPAN12 gene, and 3 families were
found to carry heterozygous mutations in TSPANI2.
These findings indicate that mutant TSPANI2 is re-
sponsible for approximately 3% of FEVR in Japan. The
results provide additional evidence that mutations in
TSPANI12 are FEVR causing that and TSPANI2 is
crucial for the development of the retinal vessels.
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Quercetin Induces the Expression of Peroxiredoxins 3
and 5 via the Nrf2/NRF1 Transcription Pathway

Naoya Miyamoto,"* Hiroto Izumi," Rie Miyamoto,> Hiroyuki Kondo,” Akibiko Tawara,?

Yasuyuki Sasaguri,> and Kimitoshi Kobno'

Purrosk. The flavonoids have potent antioxidant and free-rad-
ical scavenging properties and are beneficial in the prevention
and treatment of ocular diseases including glaucoma. The au-
thors have previously reported that antiglaucoma agents could
transcriptionally activate the antioxidant protein peroxire-
doxin (PRDX)2. The purpose of this study was to investigate
whether quercetin can activate transcription factors and in-
duce the expression of the PRDX family.

Mernops. To demonstrate whether quercetin can transcrip-
tionally induce the expression of the PRDX family, trabecular
meshwork cells were treated with quercetin, and PRDX ex-
pression and transcription factors were both investigated by
Western blot analysis, reporter assays, and siRNA strategies.
Subsequently, cellular sensitivity to oxidative stress was deter-
mined.

Resurts. Expression of the PRDX3 and PRDX5 genes was
induced by quercetin in a time- and dose-dependent manner.
NRF1 transactivates the promoter activity of both PRDX3
and PRDX5 but not PRDX2 and PRDX4. Quercetin can also
induce the expression of Nrf2 and NRF1 but not of Ets1,
Ets2, or Foxo3a. Knockdown of NRFI expression signifi-
cantly reduced the expression of both PRDX3 and PRDXS5.
Reporter assays showed that NRF1 transactivated the pro-
moter activity of both PRDX3 and PRDX5 and that the
downregulation of NRFI1 with siRNA repressed the pro-
moter activity of both PRDX3 and PRDX5. Furthermore, the
downregulation of NRF1, PRDX3, and PRDX5 renders tra-
becular meshwork cells sensitive to hydrogen peroxide.
Finally, NRF1 activation by quercetin was completely abol-
ished by the knockdown of Nrf2.

Concrusions. Quercetin upregulates the antioxidant peroxire-
doxins through the activation of the Nrf2/NRF1 transcription
pathway and protects against oxidative stress-induced ocular
disease. (Invest Ophthalmol Vis Sci. 2011;52:1055-1063) DOI:
10.1167/i0vs.10-5777
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lavonoids such as quercetin (3,5,7,3',4'-pentahydroxy fla-

vone) can protect cells from oxidative stress.'* Querce-
tin—present in fruit, vegetables, and many other dietary sourc-
es—is one of the most widely distributed flavonoids.® It has
been shown that certain flavonoids can induce antioxidant
responsive element-dependent gene expression through the
activation of nuclear factor (erythroid-derived 2)-like 2 (Nrf2).°
Oxidative stress plays an important role in the pathogenesis
of multiple ocular diseases, including glaucoma.”

Glaucoma is a major cause of irreversible blindness world-
wide and is characterized by cupping of the optic nerve head
and irreversible loss of retinal ganglion cells.® Elevated intraoc-
ular pressure (IOP) caused by a reduction in aqueous outflow
is a major risk factor in the development of glaucoma® and the
progression of glaucomatous damage to the optic nerve.'~!2
The trabecular meshwork (TM) is a reticulated tissue at the
iridocorneal junction that makes intimate contact in the juxta-
canalicular region with the canal of Schlemm for aqueous
humor filtration."®> Oxidative stress is reported to trigger de-
generation in the human TM and its endothelial cell compo-
nents, subsequently leading to an increase in IOP and glau-
coma. Increasing evidence indicates that reactive oxygen
species (ROS) play a key role in the pathogenesis of glau-
COmﬂ.14_17

Peroxiredoxins (PRDXs) are a family of enzymes that cata-
lyze the reduction of hydrogen peroxide.'® 2 There are five
2-Cys types that contain two conserved cysteine residues.
These PRDXs are expressed in a wide variety of cell types.
However, the precise mechanisms controlling PRDX expres-
sion are not well understood. We have previously shown that
oxidative stress can induce PRDX1 and PRDX5 through acti-
vation of the Ets1 transcription factor.?® Furthermore, we have
reported that antiglaucoma agents transcriptionally upregulate
the PRDX2 gene through the activation of Foxo3a.>* Thus,
several transcription factors can regulate each PRDX gene.
Here, we investigated whether quercetin induces gene expres-
sion of PRDX3 and PRDX5 through the Nrf2/NRF1 transcrip-
tion pathway.

EXPERIMENTAL PROCEDURES

Cell Culture

The immortalized TM cell line, NTMS5, derived from a normal trabec-
ular meshwork, was kindly provided by Abott F. Clark (Glaucoma
Research, Alcon Research, Ltd., Fort Worth, TX) and was cultured in
Dulbecco’s modified Eagle’s medium (Nissui Seiyaku Co., Tokyo, Ja-
pan).**2> The primary T™ cell (HTMC) was purchased from Sciencell
Research Laboratories (San Diego, CA)

Antibodies and Drugs

Antibodies against FKHRL1 (Foxo3a) (sc-9812), Etsl (sc-111), Ets2
(sc-351), Nrf2 (sc-30915), PCNA (sc-56), PRDX2 (sc-23967), and
PRDX4 (sc-23974) were purchased from Santa Cruz Biotechnology
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(Santa Cruz, CA). Anti-B-actin antibody (AC-15) was purchased from
Sigma. Generation of antibodies against PRDX1 and PRDX5,%* NRF1,%°
and mitochondrial transcription factor A (mtTFA)*” has been described
previously. The anti-PRDX3 antibody was a kind gift from Hiroki Nanri
(Seinan Jogakuin University, Kyushu, Japan).?® Quercetin dihydrate
was purchased from Sigma-Aldrich Co. (St. Louis, MO). Drug concen-
trations in this study corresponded with those used in clinical practice.

Plasmid Construction

To obtain full-length cDNAs for human NRF1, PCR was carried out on
a cDNA library (SuperScript; Invitrogen Life Technologies, Carlsbad,
CA) using the following primer pairs (underlining indicates the start
codon and stop codon): 5'-ATGGAGGAACACGGAGTGACCC-3' and
5" TCACTGTTCCAATGTCACCACCTCC-3'. The resultant PCR product
was cloned (pGEM-T Easy Vector; Promega, Madison, WI). To con-
struct a plasmid expressing Flag-tagged NRF1, N-terminal Flag-tagged
~ NRFI cDNA was ligated into the pcDNA3 vector (Invitrogen). The
luciferase (Luc) constructs PRDX2-Luc (—402 to +68), PRDX3-Luc
(—357 to +42), PRDX4-Luc (—306 to +36), and PRDX5-Luc (—314 to
+113) have been described previously.* The following primer pairs
were used: 5-AGATCTTAGATGCTGCAGCCTCAGC-3'and 5'-AAGCT-

A B
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TGGCAAAGGCTAGACGCACGG-3’ for PRDX2-Luc; 5"-AGATCTTAGCT-
TATTAACGGACTAAAAC3' and 5'-AAGCTTCAGTGCACTCGGGCGC-
CACGG-3’ for PRDX3-Luc; 5-AGATCTGTGAGGGGCTTGTGTGCAG-3’
and 5'-AAGCTTCACGCGAGCGCAGAAACACG-3’ for PRDX4-Luc; and
5"-AGATCTAAGATGCAAATCATATGC-3’ and 5'-AAGCTTCCCACGGC-
CACTTCCACTCC-3' for PRDX5-Luc.

Knockdown Analysis Using Small Interfering
RNAs (siRNAs)

The following double-stranded RNA 25-bp oligonucleotides were
commercially generated (Invitrogen): PRDX3 small interfering RNA
(siRNA), 5'-UUUACCUUCUGAAAGUACUCUUUGG-3' (sense) and 5'-
CCAAAGAGUACUUUCAGAAGGUAAA-3’ (antisense); PRDX5
siRNA, 5'-AGAACCUCUUGAGACGUCGAUUCCC-3’ (sense) and 5'-
GGGAAUCGACGUCUCAAGAGGUUCU-3’ (antisense); NRFI#]1
siRNA, 5'-AUUAGACUCAAAUACAUGAGGCCGU-3’ (sense) and 5'-
ACGGCCUCAUGUAUUUGAGUCUAAU-3' (antisense); NRFI#2
siRNA, 5-AUCUGAGUCAUCGUAAGAGGUGUCC-3' (sense) and 5'-
GGACACCUCUUACGAUGACUCAGAU-3' (antisense); Nrf2 siRNA,
5'-AAUCACUGAGGCCAAGUAGUGUGUC-3’ (sense) and 5'-GACA-
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FiGure 1.  (A) Effect of quercetin
on PRDX expression. NTM5 cells
were incubated with 1 uM quercetin
for the times indicated. Whole cell
lysates (50 ung) were subjected to
SDS-PAGE, and Western blot analysis
was performed with the indicated an-
tibodies. Immunoblotting of B-actin
is shown as a loading control. Rela-
tive intensity is shown under each
blot. (B) NTM5 cells were cultured
for 12 hours in the control medium
or medium containing the indicated
concentrations of quercetin. Whole
cell lysates (50 pg) were subjected to
SDS-PAGE, and Western blot analysis
was performed with the indicated an-
tibodies. Immunoblotting of B-actin
is shown as a loading control. Rela-
tive intensity is shown under each
blot. (C) Primary HTMCs were incu-
bated with 1 uM quercetin for the
times indicated. Whole cell lysates
(50 pg) were subjected to SDS-PAGE,
and Western blot analysis was per-
formed with the indicated antibod-
ies. Immunoblotting of P-actin is
shown as a loading control. Relative
intensity is shown under each blot.
CBB, Coomassie brilliant blue.
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CACUACUUGGCCUCAGUGAUU-3’ (antisense). siRNA transfections
were performed as described previously.?”*® Briefly, 250 pmol of
the indicated siRNA or control synthetic RNA (Stealth RNAi; Invit-
rogen) was transfected into 1 X 10° NTMS cells; 1.5 X 10° cells
were used for luciferase assays, and 2.5 X 103 cells were used for
the WST-8 assay, as described. The remaining cells were subjected
to Western blot analysis after 72-hour culture, as described.

Western Blot Analysis

The preparation of whole cell lysates and whole nuclear lysates has
been described previously.>>*° The indicated amounts of whole cell
lysate or whole nuclear lysate were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to polyvinylidene difluoride microporous membranes (Millipore, Bil-
lerica, MA) using a semidry blotter. The blotted membranes were
treated with 5% (wt/vol) skimmed milk in 10 mM Tris, 150 mM NacCl,
and 0.2% (vol/vol) Tween 20 and were incubated for 1 hour at room
temperature with primary antibody. The following antibodies and
dilutions were used: 1:500 dilution of anti-Nrf2, 1:5000 dilution of
anti-PRDX2, 1:5000 dilution of anti-PRDX3, 1:1000 dilution of anti-
PRDX4, 1:1000 dilution of anti-PRDXS5, 1:1000 dilution of anti-Ets1,
1:1000 dilution of anti-Ets2, 1:5000 dilution of anti-Foxo3a, 1:5000
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dilution of anti-NRF1, 1:5000 dilution of anti-mtTFA, 1:5000 dilution of
anti-PCNA, and 1:20,000 dilution of anti-S-actin. Membranes were
then incubated for 40 minutes at room temperature with a peroxidase-
conjugated secondary antibody and were visualized using an enhanced
chemiluminescence kit (GE Healthcare Bio-Science, Uppsala, Sweden),
and membranes were exposed to Kodak film (X-OMAT; Kodak, Roch-
ester, NY). For the correlation assay, the intensity of each signal was
quantified using ImageJ software (developed by Wayne Rasband, Na-
tional Institutes of Health, Bethesda, MD; available at http://rsb.info-
.nih.gov/ij/index.html).

Luciferase Assay

Transient transfection and a luciferase assay were performed as de-
scribed previously.?>>° Briefly, 1 X 10° NTMS5 cells per well were
seeded onto 12-well plates. The following day, cells were cotrans-
fected with the indicated amount of reporter plasmid and expression
plasmid using reagent (Superfect; Qiagen, Valencia, CA). For the lu-
ciferase assay using siRNA, siRNA-pretransfected 1.5 X 10° NTMS5 cells,
described above, were transfected with the indicated amounts of
reporter plasmid at intervals of 12 hours. Forty-eight hours after trans-
fection of reporter plasmid, cells were lysed with reporter lysis buffer
(Promega). For quercetin treatment, 36 hours after transfection cells
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were further incubated under normal conditions or in the presence of
1 uM quercetin for 6 hours. Luciferase activity was detected using a
Iuciferase assay system (PicaGene; Toyo-Inki, Tokyo, Japan. The light
intensity was measured using a luminometer (Luminescencer JNII
RAB-2300; Atto, Tokyo, Japan). The results shown are normalized to
the protein concentration measured using the Bradford method and
are representative of at least three independent experiments.

Cytotoxicity Analysis

The water-soluble tetrazolium salt (WST-8) assay was performed as
described previously.?* Briefly, 2.5 X 10> NTM5 cells per well, trans-
fected with siRNA as described, were sceded onto 96-well plates. The
following day, to induce oxidative stress, cells were incubated with the
indicated concentration of H,0, in serum-free medium for 40 minutes.
Then the medium was changed to the normal culture medium. After 72
~ hours, surviving cells were stained (TetraColor One; Seikagaku Corpo-
ration, Tokyo, Japan) for 90 minutes at 37°C. Absorbance was then
measured at 450 nm.

Statistical Analysis

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

RESULTS

Quercetin Induces PRDX Expression in TM Cells

We have previously shown that the PRDXI gene is not ex-
pressed in immortalized human TM NTM5 cells.?* To examine
whether quercetin can activate PRDX family gene expression,
NTMS5 cells were treated with quercetin. As shown in Figure 1A,
both PRDX3 and PRDXS5 were induced by 1 uM quercetin in a
time-dependent manner. We also found that both PRDX3 and
PRDX5 were induced by quercetin treatment in a dose-depen-
dent manner (Fig. 1B). We next investigated the effects of
quercetin on the expression of the peroxiredoxin family in
primary HTMCs. Although PRDX1 expression could not de-
tected in immortalized TM cells,** HTMCs express PRDX1.3*

We again observed that the expression of both PRDX3 and

PRDX5 was induced by the treatment of HTMCs with querce-
tin (Fig. 1C). :
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Quercetin Enhances the Promoter Activity of
Both the PRDX3 and PRDX5 Genes

‘We next investigated whether quercetin can activate the pro-
moter activity of the PRDX genes using luciferase reporter
assays. A schematic representation of the PRDX gene promoter
is shown in Figure 2A.** Promoter activity of both the PRDX3
and PRDX5 genes was significantly enhanced approximately
twofold to threefold by the quercetin treatment (Fig. 2B). We
did a careful survey of the nucleotide sequences of the pro-
moter of four PRDX genes and found several transcription
factor binding sites, as shown in Figure 2A. The NRF1 binding
sites are found in the promoters of both PRDX3 and PRDX5 but
not in those of PRDX2 and PRDX4.

Quercetin Induces Expression of the
Transcription Factor NRF1

Next, we examined whether quercetin can induce the expres-
sion of a transcription factor that regulates PRDX gene expres-
sion. We initially investigated the cellular expression of NRF1
and found that the expression of NRF1 is localized primarily in
nuclei. As shown in Figure 3, nuclear NRF1 was markedly
increased after quercetin treatment in a time- and concentra-
tion-dependent manner. In contrast, there was no increase in
the expression of the three transcription factors Ets1, Ets2, and
Foxo3a.

NRF1 Regulates the Expression of Both PRDX3
and PRDX5

To confirm the NRF1-dependent expression of both PRDX3
and PRDX5, we used specific siRNA for NRFI. Two indepen-
dent siRNAs (#1 and #2) for NRFI could effectively downregu-
late NRFI expression. As shown in Figure 4A, protein expres-
sion of both PRDX3 and PRDX5 was significantly reduced by

‘the transfection of two siRNAs for NRFI. Furthermore, we

performed cotransfection experiments using the NRF1 expres-

~sion plasmid with PRDX reporter plasmids. The reporter assays

showed that NRF1 transactivated the promoter activity of both
the PRDX3 and PRDXS5 genes (Fig. 4B). On the other hand, the
promoter activity of both the PRDX3 and PRDX5 genes was
significantly downregulated by NRFI-specific siRNA transfec-
tion (Fig. 40).

FiGUre 3. (A) Quercetin treatment
S increases NRF1 but not Ets1, Ets2, or
Foxo3a expression. NTM5 cells were
incubated with 1 uM quercetin for
the times indicated. Whole nuclear
lysates (100 pg) were subjected to
SDS-PAGE, and Western blot analysis
was performed with the indicated an-
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