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Activation of transforming growth factor� (TGF�) in response
to increased reactive oxygen species (ROS) leads to pathophysiol-
ogy of cells/tissues by overmodulation of gene transcription.
PRDX6 plays a rheostat role in regulating gene transcription by
controlling cellular ROS in maintaining homeostasis; thus, fine
tuning of Prdx6 expression is required to optimize ROS levels.
Using Prdx6- and Smad3-depleted cells, we show that Prdx6�/�

cells bear active NF-�B and Smad3, and repression of Prdx6 tran-
scription in redox-active cells (Prdx6�/�) is due to ROS-induced
dominant Smad3-mediatedTGF� signaling. ThePrdx6promoter
(�1139 bp) containing repressive Smad3-binding elements and
NF-�B sites showed reduced promoter activity in Prdx6�/� cells,
and the activity was restored in Smad3�/� cells. Mutation of
repressive Smad3-binding elements eliminated the repression of
the Prdx6 promoter. Revival of promoter activity by application
of TGF�1 antibody to Prdx6�/� and Smad3�/� cells with
increased Prdx6 mRNA and protein conferred resistance to
TGF�- and H2O2-induced insult, demonstrating that repression
of Prdx6 transcription is Smad3-dependent. Promoter activity in
Smad3�/� orPrdx6�/� cells wasmoderately increased by disrup-
tionofNF-�Bsites, suggesting theroleofNF-�BintuningofPrdx6
expression. Findings revealed amechanism of repression and reg-
ulation of PRDX6 expression in cells facing stress or aging and
provided clues for antioxidant(s)-based new approaches in pre-
venting ROS-driven deleterious signaling.
PRDX6 (peroxiredoxin 6) is a member of an emerging per-

oxiredoxin family that has GSH peroxidase as well as acidic
Ca2�-independent phospholipase A2 activities (1–7). The per-
oxiredoxins function in concert to detoxify reactive oxygen spe-
cies (ROS)2 and play a cytoprotective role by removingROS and
by limiting ROS levels regulating cell survival signaling (1, 3, 4,

6, 8, 9–11). The unique ability to regulate signaling and to
maintain phospholipid turnover distinguishes PRDX6 from the
other five peroxiredoxins (PRDX1 to -5). This molecule is
widely expressed, occurring in high levels in the liver, lung, eye
lens, and keratinocytes (1, 2, 10, 12–18), whereas reduced
expression of PRDX6 can lead to cell death and tissue degener-
ation (10, 11, 15, 19–22). PRDX6 has been implicated in main-
tenance of blood vessel integrity inwounded skin (23, 24) and in
development and progression of several diseases, including oxi-
dative-induced cataractogenesis (25), psoriasis (12, 26) athero-
sclerosis (22), and Parkinsonian dementia (27). Accumulating
evidence indicates that expression levels of PRDX6 contribute
to pathophysiology of cells and tissues. Several studies have
reported decreases in antioxidant levels and increases in ROS
levels, leading to a decline in a number of physiological func-
tions because of overmodulation of ROS-mediated gene
expression and activation of such factors as TGF� and NF-�B,
hallmarks of the aging process and age-associated degenerative
diseases (28–30). However, given the role of ROS as amediator
of normal or redox signaling, we believe that optimal regulation
of Prdx6 expression may require fine tuning to avoid over-
shooting the desired beneficial effects to the point of perturbing
the delicate redox balance essential to maintenance of normal
cellular function. Recently, using targeted inactivation of the
Prdx6 gene, we reported activation and expression of TGF�
and TGF�-mediated suppression of Prdx6mRNA and protein
(1, 4, 5, 31), suggesting that this molecule may have a role in
repression of Prdx6 transcription. Quantification by staining
with H2DCF-DA established a higher prevalence of ROS in
these cells. Also, the activation of TGF� in Prdx6-deficient cells
was associated with ROS and inhibited by PRDX6 overexpres-
sion or MnTBAP, a superoxide dismutase mimetic and a
known ROS inhibitor, in view of our earlier finding(s) that
Prdx6-depleted cells bear higher levels of ROS and are thereby
more susceptible to oxidative stress and apoptotic cell death
(1–5, 7–11).
TGF�, a multipotent growth factor, is involved in various

cellular processes, including cell proliferation, differentiation,
apoptosis, migration, and extracellular matrix formation (32–
34). Activation of TGF� has also been implicated in multiple
fibrotic diseases, including those of the eye, such as glaucoma
and anterior subcapsular cataract (35–38). Moreover, several
mechanisms of TGF� activation are known (39), and a diverse
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group of activators, including trauma, proteases, TSP-1, inte-
grin, low pH, and ROS, can activate TGF�1 (20, 40, 41). Using
targeted inactivation of thePrdx6 gene,wehave also shown that
ROS levels are elevated in Prdx6�/� cells, and this is a cause of
TGF� activation. TGF� initiates its signaling by interaction
with the TGF� type II receptor that proceeds to phosphoryla-
tion of type I, forming an activated complex and leading to the
activation of TGF�RI kinase activity (42), which transmits the
signal into cells through Smads-mediated or alternative signal-
ing pathways (43). Growing evidence suggests that the TGF�-
mediated activation of Smads regulates downstream signaling
by modulating the transcriptional activity, either by functional
cooperation with transcriptional proteins, direct binding to
DNA, or direct interaction with DNA-bound transcription fac-
tors (18, 44). The ability of TGF� to induce or suppress the
expression of several genes, including PAI-1, clusterin, mono-
cyte chemoattractant protein-1 (JE/MCP-1), and type I colla-
gen, depends on specific DNA-binding sites in the promoter
regions of these genes (45–48). Although the molecular mech-
anism of TGF�-induced activation of the gene promoter has
been established, less is known about the way in which TGF�
signaling exerts its effect in repression of gene transcription.
Earlier studies have documented that TGF� plays a regulatory
role in the modulation of the transcription of various genes via
TGF�-inhibitory elements (TIEs; nnnTTGGnnn) (49–52).
Kerr et al. (50) have shown that a 10-base pair element in the
transin promoter is required for the TGF�1-inhibitory effects.
Recently, Frederick et al. (47) discovered a potential consensus
repressive Smad3-binding element (RSBE) in the c-myc pro-
moter sequence overlapping the c-myc TIE (5�-TTGGCGG-
GAA-3�), a site that is notably different from a consensus
Smad-binding element (SBE; 5�-GTCT-3�) and responsible for
binding of Smad3 and repression of the c-myc gene.
Moreover, NF-�B, a redox-active transcriptional protein, is a

ubiquitous, multisubunit transcription factor whose activation
plays an important role in regulation of genes that function in
inflammation, cell proliferation, cell survival, and apoptosis
(53). Such factors are considered to be key regulators of cellular
stress response. NF-�B is induced and activated by different
stimuli and conditions, such as pathology, oxidative stress,
hypoxia, inflammatory mediators, and the internal cellular
microenvironment (54, 55). In unstimulated resting cells,
NF-�B is inactive; it is induced by internal or external stresses
(54, 56). NF-�B is a multisubunit transcription factor, and its
activity is regulated by interaction with specific inhibitory pro-
teins, I�-Bs. Upon cell stimulation, I�Bs become phosphoryla-
ted and subsequently ubiquitinylated. Released NF-�B translo-
cates into the nucleus and binds to the target sequences and
initiates transcription of “defense genes” involved in inflamma-
tory responses and pathophysiology of cells and tissues. This
molecule may sense ROS-induced stress, and its function may
be altered in relation to the levels of ROS in cellular microenvi-
ronment. Earlier study has shown that proapoptotic and anti-
apoptotic roles of NF-�B depend on cell type and cell environ-
ment (57). Recently, two putative NF-�B sites have been
predicted in the Prdx6 gene promoter (31) and have been
thought to be involved in Prdx6 regulation. However, based on
current study using transactivation and mutational analysis of

the Prdx6 promoter coupled with Smad3- and Prdx6-deficient
lens cells as models as well as biochemical assays, we think the
control of NF-�B signaling in tuning of Prdx6 gene expression
is attenuated inPrdx6-depleted cells (redox state) or aging cells,
due to activation of Smad3-mediatedTGF�-induced repressive
signaling. The process attenuates Nrf2 activation of Prdx6 gene
transcription (58) as well. Thus, autoregulation of Prdx6 dis-
rupted in response to internal or external stressors. However,
Web-based computer analysis (MatInspector; Genomatix) of
the 5�-flanking region of the Prdx6 promoter revealed that it
has various putative regulatory elements as follows: SP1, E2F-
Myc, Nrf2, HIF1�, PBX1-MEIS1, EREs, GRE, GATA-1, HSF1,
LEDGF, c-ETS-1, v-Myb,Oct1/Oct2, etc., including two sites of
the NF-�B at �644 to �635 and �948 to �939 as well as two
sites of RSBE (TIE) (45, 47) at�379 to�367 and�482 to�471
from the transcription start site.
In the present investigation, using Prdx6�/�- and Smad3�/�-

deficient lens epithelial cells (LECs) and a variety of biochemical
assays, we examined the regulation of Prdx6 expression by
ROS-driven Smad3-mediated TGF�1-induced adverse signal-
ing in cells facing oxidative stress, and we have shown this as a
model to study the ROS-inducedTGF�1-mediated adverse sig-
naling in LECs that may lead to degenerative disorders, includ-
ing cataractogenesis. We identified two novel NF-�B-binding
elements and two RSBE elements in the Prdx6 promoter and
demonstrated how Smad3, a protein known to be involved in
regulation of TGF� target genes, may attenuate Prdx6 gene
transcription and thereby negatively regulate survival signaling
in cells in the redox state. Given the role of ROS as amediator of
normal signaling, we propose a rheostat role for NF-�B in
determining optimum regulation of Prdx6 expression to main-
tain physiological ROS levels. The studies reported here pro-
vide insight regarding how the gene network is changed during
aging or oxidative stress and should provide clues potentially
useful in the development of a transcription- or antioxidant-
based therapy.

EXPERIMENTAL PROCEDURES

Generation and Validation of LECs Isolated from the Lenses
of Prdx6�/�, Prdx6�/�, Smad3�/�, and Smad3�/� Mice—
Lens epithelial cell lines from lenses isolated from Prdx6-tar-
getedmutants (Prdx6�/�) andwild-type (Prdx6�/�) mice were
generated and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum as described
earlier (1). Prdx6�/�129/Sv mice were generated at Harvard
Medical School under the supervision of Dr. David R. Beier
(59). Prdx6�/� mutant mice of pure 129 background were used
during the present study. Wild-type 129/Sv inbred mice of the
same sex and age were used as control (Prdx6�/�). All animals
weremaintained under specific pathogen-free conditions in the
animal house atHarvardMedical School. Smad3�/� knock-out
mice were obtained from Dr. Beebe (Washington University,
St. Louis, MO). These mice have been generated by Deng and
co-workers (34). The generation, characterization, and mating
of mutant mice and the progeny of Smad3-targeted mice have
been described in detail (34). The resulting progeny were
screened by PCR to identify Smad3�/� and wild-type mice. As
mentioned above, lens epithelial cells were isolated from lenses
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isolated from the mice of identical age, and Western analysis
was carried out to confirm the presence of �A-crystallin, a spe-
cific marker of LECs, in both Smad3�/� and Smad3�/� LECs
(see Fig. 9B). LECs (passages 3–5) were used for the
experiments.
Western Blot Analysis—Cell lysateswere prepared in ice-cold

radioimmunoprecipitation assay lysis buffer, as described pre-
viously (1, 4). Equal amounts of protein samples were loaded
onto a 10% SDS-gel, blotted onto polyvinylidene difluoride
membrane (PerkinElmer Life Sciences), and immunostained
with primary antibodies at the appropriate dilutions (�A-crys-
tallin antibody (a kind gift fromDr. Jack Liang,HarvardMedical
School); PRDX6 monoclonal antibody (Lab Frontier, Seoul,
Korea); TGF�1, pI�B�, I�B�, Smad3, and RelA antibodies
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA); pSmad3
antibody (BIOSOURCE International Inc.). Membranes were
incubated with horseradish peroxidase-conjugated secondary
antibodies (1:1500 dilution). Specific protein bands were visu-
alized by incubating themembranewith luminal reagent (Santa
Cruz Biotechnology) and exposing to film (X-Omat; Eastman
Kodak Co.) and recorded with a FUJIFILM-LAS-4000 lumines-
cent image analyzer (FUJIFILM Medical Systems Inc.). To
ascertain comparative expression and equal loading of the pro-
tein samples, the membrane stained earlier was stripped and
reprobed with actin antibody (Sigma).
Construction of Prdx6 Promoter-Chloramphenicol Acetyl-

transferase (CAT) Reporter Vector—The 5�-flanking region
(�1139 to �109 bp) (Fig. 1, Construct A) was isolated from
mouse genomic DNA and sequenced. A construct of �1139 bp
was prepared by ligating it to basic pCAT vector (Promega)
using the SacI and XhoI sites. Similarly, constructs of deletion
mutants of different sizes (Fig. 2, Constructs B and C) of the
Prdx6 promoter with appropriate sense primers bearing SacI
and reverse primer with XhoI were made and used in the pres-
ent study. The plasmid was amplified and used for the CAT
assay. Primers were as follows: Construct Afor, 5�-CTGAGAG-
CTCCTGCCATGTTC-3�; Construct Bfor, 5�-CTTCCT-
CTGGAGCTCAGAATTTAC-3�; Construct Cfor, 5�-CACAG-
AGCTCGTTCTTGCCACATC-3�; Constructs A, B, and Crev,
5�-CAGGAACTCGAGGAAGCGGAT-3�.
Site-directed Mutagenesis—PCR-based site-directed mu-

tagenesis was carried out using the QuikChangeTM site-di-
rected mutagenesis kit (Stratagene), following the company’s
protocol. Briefly, amino acid exchanges (NF-�B-1 (negative
strand) or NF-�B-2 (CC toAA orG to C) and RSBE/TIE-1 or -2
(GG to AA or T to A and G to C)) were generated by point
mutations in the Prdx6-CAT constructs. The following com-
plementary primers were used (changed nucleotides are in
boldface type and underlined): NF-�B-Mut-1for, 5�-GATTGG-
ACCTAGGGCCTCCCACACTCCAGTCAAG-3�; NF-�B-
Mut-1Rev, 5�-CTTGACTGGAGTGTGGGAGGCCCTAGGT-
CCAATC-3�; NF-�B-Mut-2for, 5�-CATTTCTTCAGGTGG-
GAATTCACTGCATACAC-3�; NF-�B-Mut-2Rev, 5�-GTGT-
ATGCAGTCAATTCGCACCTGAAGAAATG-3�; RSBE/
TIE-1-MutFor, 5�-CCCTCTTATTGACATTGGTACAGAAT-
GTTTGCTGC-3�; RSBE/TIE-1-MutRev, 5�-GCAGCAAA-
CATTCTGTACCAATGTCAATAAGAGGG-3�; RSBE/TIE-
2-MutFor, 5�-CTTCTGAAACCCAGGTTGGCTGAGTAGT-

CAGTC-3�; RSBE.TIE-2-MutRev, 5�-GACTGACTA-
CTCAGCCAACCTGGGTTTCAGAAG-3�.

Epicuran Coli XL1-Blue super-competent cells (Stratagene)
were transformed with resultant plasmid, and clones were
grown on Luria-Bertani/Amp Petri dishes. The plasmid was
amplified, and the mutation was confirmed by sequencing.
Transfection and CAT Assay—The CAT assay was per-

formed using a CAT-ELISA kit (Roche Applied Science).
Prdx6�/� or Smad3�/� LECs as well as their respective wild-
type LECs were transfected/co-transfected using Super-
fectamine with Prdx6-CAT reporter constructs and 1 �g of
SEAP vector, as reported earlier (1). After 72 h of incubation,
cells were harvested, extracts were prepared, and protein was
normalized. CAT-ELISAwas performed tomonitorCATactiv-
ity following the manufacturer’s protocol. Absorbance was
measured at 405 nm using a microtiter plate ELISA reader.
Transactivation activities were adjusted for transfection effi-
ciencies using the secreted alkaline phosphatase value (1). In a
parallel experiment, NF-�B regulation of the Prdx6 gene was
validated by cotransfecting cells with a dominant-negative
mutant of I�B� (a kind gift of Dr. RakeshK. Singh, University of
Nebraska medical Center Omaha, NE). ROS is an inducer of
NF-�B activation. To determine whether NF-�B activation is
associated with elevated ROS expression cells, Prdx6�/� cells
were transfected with Prdx6 promoters (Constructs A, B, and
C) and treated with variable concentrations of antioxidant,
N-acetylcysteine (NAC).
Determination of NF-�B Activation Using HIV-1LTR-CAT—

HIV-1LTR-CAT constructs (a kind gift from Dr. Carole Kretz-
Remy) were used to transfect cells. The HIV-1 promoter con-
tains binding sites for many transcriptional factors, including
NF-�B, and can be up-regulated 12–150-fold following various
stresses, including oxidative stress (60). We used pLTR-
CATWT, pLTR-CAT EcoRI (where two �B consensus
sequences are mutated to perfect palindromic �B sites), and
pLTR-CAT PstI (where NF-�B sites are disrupted) to monitor
that activation of NF-�B. We transfected these constructs to
the cells, and after 72 h, CAT-ELISA was performed, as
described earlier (1, 2, 4, 61).
Expression and Purification of TAT-HA-PRDX6 Fusion

Protein—A full-length cDNA of PRDX6 was isolated from a
human lens epithelial cell cDNA library and cloned into TAT-
HA-PRDX6 prokaryotic expression vector, and recombinant
protein was purified using an Ni2�-nitrilotriacetic acid-Sepha-
rose column, as described earlier (1, 2). Briefly, the host Esche-
richia coli BL21 (DE3) was transformed with pTAT-HA-
PRDX6, and the cells were harvested in binding buffer and
sonicated. After centrifugation, supernatant containing TAT-
HA-PRDX6 was immediately loaded onto a 2.5-ml column.
After washing, the fusion protein was eluted with an elution
buffer and dialyzed. The purified protein can be either used
directly for protein transduction or aliquoted and stored frozen
in 10% glycerol at �80 °C for further use.
DNA and Protein Interaction Assays—Gel shift or supershift

assays were carried out using nuclear extracts (1, 2, 4) isolated
from Smad3�/� and Smad3�/� or Prdx6�/� and Prdx6�/�

LECs to determineDNAbinding activity of NF-�B or Smad3 to
their respective elements present in the Prdx6 promoter. Oli-

Redox Regulation of Prdx6

22760 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 34 • AUGUST 21, 2009



gonucleotides consisting of putative NF-�B or repressive
Smad3-binding elements or respective mutant probes were
commercially synthesized (Invitrogen), annealed, and end-la-
beled with [�-32P]ATP using T4 polynucleotide kinase (New
England Biolabs, Inc.). The binding reaction was performed in
20 �l of binding buffer (20 mM Tris-HCl (pH 8.0), 75 mM KCl,
5% (v/v) glycerol, 50�g/ml bovine serum albumin, 0.025% (v/v)
Nonidet P-40, 1 mM EDTA, 5 mM dithiothreitol, and 1 �g of
poly(dI/dC). Five fmol of the end-labeled probe was incubated
on ice for 30minwith 5�g of nuclear extract. The sampleswere
then loaded on5%polyacrylamide gel in 0.5�TBEbuffer for 2 h
at 10 V/cm. The gel was dried and autoradiographed. For the
supershift assay, 1 �l of antibody was added to the binding
reaction, and this was further incubated for 30 min.
Cell Survival Assay (MTS Assay)—A colorimetricMTS assay

(Promega) was performed as described earlier (1–6, 61). This
assay of cellular proliferation uses 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2 to 4-sulfophenyl)-2H-tetrazo-
lium salt (MTS; Promega, Madison, MI). Upon being added to
medium containing viable cells, MTS is reduced to a water-
soluble formazan salt. TheA490 nm value wasmeasured after 4 h
with an ELISA reader.
Assay for Intracellular Redox State—ROS levels of Prdx6�/�

and Prdx6�/� cells as well as the effect of NAC on ROS levels
were measured using the fluorescent dye, H2-DCF-DA, a non-
polar compound that is converted into a polar derivative
(dichlorofluorescein) by cellular esterases following incorpora-
tion into cells. For the assay, the medium was replaced with
Hanks’ solution containing 5–10 �M H2-DCF-DA. Following
30 min of incubation at room temperature, intracellular fluo-
rescence was detected with excitation at 485 nm and emission

at 530 nm using Spectra Max Gem-
ini EM (Molecular Devices, Sunny-
vale, CA).

RESULTS

NF-�B and RSBEs Are Present in
the Prdx6 Gene Promoter—Previ-
ously we reported a suppression in
PRDX6 protein and mRNA level in
lens epithelial cells (LECs) following
the treatment of TGF�1 or LECs
facing oxidative stress (1, 4, 5). In
addition, several laboratories as well
as our own have observed modula-
tion of PRDX6 expression in a vari-
ety of cells exposed to a variety of
reagents/factors, such as tumor
necrosis factor-�, TGF�, dexam-
ethasone, serum withdrawal, and
H2O2. The changes have depended
upon time and concentration of fac-
tors (1–7). However, the underlying
mechanism involved in regulation
of Prdx6 in the redox environment
is not clear. Because PRDX6 is a
protective protein and plays a role in
signaling by limiting cellular ROS

levels, the regulation of Prdx6/PRDX6 gene transcription may
need fine tuning to control the expression of the protein. We
predicted the presence of TGF�-mediated repression of Prdx6
gene transcription due to an abundance of activated TGF� in
redox cellular microenvironment. To ascertain how Prdx6
expression is regulated, we analyzed redox-active putative tran-
scription factor binding sites in the Prdx6 gene promoter. A
Web-based computer analysis (MatInspector; Genomatix) of
5�-flanking region spanning from �1139 to �109 bp, disclosed
the presence of two putative RSBE (TIE)-like sites at �379 to
�367 and�482 to�471 (RSBE/TIE; 5�-nnTTGGCGGnnn-3�)
(45, 47, 62) and two putative NF-�B sites at �644 to �635 and
�948 to �939 (Fig. 1). NF-�B is a well known redox-active
transcriptional factor, which binds to its specific binding sites.
Based on computer prediction of SRBE and NF-�B sites of the
Prdx6 gene, as a first step, we engineered deletion mutant con-
structs linked to CAT, as described under “Experimental Pro-
cedures” and in the legends to Figs. 1 and 2. Constructs were as
follows: A-CAT with both SRBE/TIE and both NF-�B sites,
B-CAT with one NF-�B and two RSBE sites, and C-CAT with
one RSBE site only (47).We used oligonucleotides derived from
the Prdx6 promoter containing NF-�B and RSBE binding sites
in gel shift and supershift assays (as defined in Fig. 1) and CAT-
linkedwild type andmutant constructs to identify the function-
ality and contribution of these sites in regulation of the Prdx6
gene promoter in normal conditions as well as cells in the redox
state.
Promoter Activity of Prdx6 Is Repressed in Prdx6�/�-depleted

Cells—In earlier studies (1, 4), we demonstrated that LECs lacking
Prdx6 display phenotypic changes and undergo spontaneous apo-
ptosis, and these adverse changes are associated with higher

FIGURE 1. 5�-Proximal regulatory region of Prdx6 gene promoter linking to CAT. Nucleotide sequences
spanning from �1139 to �109 were linked to CAT reporter vector. The consensus sequences for the predicted
two NF-�B (NF-�B-1 and NF-�B-2) and two RSBE/TIE binding sites are shown in boldface and italic type, respec-
tively, and were mutated in experiments assessing the contribution of each site to promoter activity. Under-
lining indicates the position of oligonucleotides employed in gel shift and supershift assays. The transcription
start site is indicated by �1, and SacI and XhoI restriction sites used for marking deletion mutants of Prdx6-
CAT-constructs are shown in boldface type.
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expression and activation of TGF�1 by ROS in Prdx6�/�-defi-
cient LECs. Therefore, to identify any contribution of RSBEs
(TGF�1-mediated adverse signaling during oxidative stress) in
the repression of the Prdx6 gene, we decided to utilize
Prdx6�/� LECs (redox state) as a model for transactivation
studies. After the cells were transiently transfected with the
Prdx6 promoter containing the putative RSBE (TIE) andNF-�B
element or deletion mutant constructs, CAT-ELISA was per-
formed. As expected, a significant suppression of Prdx6 pro-

moter activity was observed in all three constructs (Fig. 2, black
bar versus gray bar), and CAT activity was decreased signifi-
cantly in Construct B, consisting of two RSBE (TIE)-like ele-
ments. A pattern of progressive decline in promoter activity of
deletion mutants (Constructs A–C) was observed in wild type
cells, and that may be associated with the length of promoter
lacking regulatory responsive sequences.However, a significant
reduction in Prdx6 promoter activity in Prdx6�/� cells clearly
suggests the repressive action of TGF�1 signaling. On the basis
of this finding, we hypothesize that since Prdx6�/� cells are
under continuous oxidative stress and release bioactive TGF-�,
this repressionmay be associatedwith Smad3-mediatedTGF-�
signaling (1, 4, 40, 41) due to overstimulation and activation of
Smad3. Overexpression and activation of Smad3 has been
reported to be one cause of gene repression (47).
TGF�1 Treatment Repressed Prdx6 Promoter Activity and Is

Restored by Neutralizing Antibody in Prdx6�/� Cells—To
examine whether inhibition of promoter activity of Prdx6 is
mediated by TGF�1, we designed an experiment using Con-
structs B (bothRSBE sites) andC (only oneRSBE site) described
above. In this experiment, wild type (Prdx6�/�) cells were
treated with TGF�1 (Fig. 3A), and Prdx6�/� cells were treated
withTGF�1-neutralizing antibody (Fig. 3B), as describedunder
“Experimental Procedures.” Cells were transfected with Prdx6-
CAT constructs and treated with TGF�1 at 2 ng/ml and/or
TGF�1-neutralizing antibody (5–10 �g/ml). TGF�1-mediated
repression of Prdx6 promoter activity was observed in
Prdx6�/� cells treated with TGF�1 (black bar versus striped
bar), and the repression of promoter activity was similar to that
in Prdx6�/� cells (black bar versus striped bar versus dotted
bar), demonstrating that negative regulation of Prdx6 pro-
moter activity is due to prevalence of TGF�1-mediated signal-
ing in Prdx6�/� (redox state). In a parallel experiment, TGF�1-
neutralized antibody (5–10 �g/ml) was added for 3 days. A
restoration of the Prdx6 promoter activity (Fig. 3B, striped bar
versus dotted bar) further provided evidence of the involvement

FIGURE 2. Transcriptional repression of different deletion mutants of
Prdx6 gene promoter linked to CAT in Prdx6�/� and Prdx6�/� cells. The
top drawing illustrates the putative transcription-binding elements in the
Prdx6 promoter. Construct A consists of two NF-�B sites (NF-�B-1 and
NF-�B-2) and two repressive Smad3-binding elements (RSBE-1 and RSBE-2).
Two deletion mutants were generated: Construct B with one NF-�B and two
RSBE sites and Construct C with one RSBE site only. Cells were transiently
transfected with Prdx6-CAT Construct A, B, or C. After 72 h, protein was
extracted, and CAT activity was measured. The transfection efficiencies were
normalized using a plasmid secreted alkaline phosphatase basic vector. The
data represent the mean � S.D. from three independent experiments.

FIGURE 3. A, TGF�1-induced repression of Prdx6 gene transcription in Prdx6�/� cells as seen in Prdx6�/�. The cells were transiently transfected with Prdx6-CAT
Construct B or C containing an RSBE site(s) as in Fig. 2. Prdx6�/� cells (striped bars) were treated with TGF�1 at a concentration of 2 ng/ml for 3 days, and
Prdx6�/� cells and untreated Prdx6�/� cells served as control. CAT activity of these constructs in Prdx6�/� or TGF�1-treated or -untreated Prdx6�/� cells was
compared. Results are mean � S.D. from three experiments. B, TGF�-neutralizing antibody reduced the repression of Prdx6 transcription in Prdx6�/� cells. Cells
were transiently transfected with either Construct B or C, and TGF�-neutralizing antibody (R&D Systems) was added at a concentration of 5 �g/ml for 3 days
followed by CAT activity determination. Striped bars indicate untreated control, and dotted bars show cells treated with TGF�1-neutralizing antibody.
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of TGF�1-mediated signaling in attenuating Prdx6 gene
transcription.
Smad3 inNuclear Extracts of Prdx6�/�Cells Specifically and

Directly Binds to RSBE in the Prdx6 Promoter—Since TGF�
initiates its signal through receptor binding, this activated
receptor is then able to phosphorylate its intracellular effector
substrates, which include the highly homologous Smad2 and -3
(47, 63–66). These cytoplasmically retained Smads form het-
eromeric complexes, which then translocate to the nucleus (67,
68). Based on research by Frederick et al. (47) showing TGF�-
induced Smad3-mediated repression of the c-myc gene by the
direct interaction of RSBE (which is distinct from a consensus
SBE) and Smad3, we conductedWestern analysis to determine
whether Smad3 is activated in Prdx6�/� cells. Cytoplasmic
extract isolated from Prdx6�/� showed a diminished level of
Smad3 protein (Fig. 4A, top), suggesting the possibility of its
translocalization to the nucleus. Western analysis of nuclear
extract isolated from the same cells with pSmad3 antibody
(Smad3 phospho-specific Ab) revealed, indeed, that activated
Smad3 is translocalized in the nucleus of Prdx6�/� cells. Since
TGF-� is in the bioactive form in Prdx6�/�-depleted cells (1),
we predicted that repressive Smad3-binding elements present
in the Prdx6 promoter were responsible for the repression of
the Prdx6 promoter. To determine whether Smad3 in the
nuclear extract of Prdx6�/� cells binds to their respective
responsive sites in thePrdx6 promoter, we performed a gel shift
assay using oligonucleotides derived from the Prdx6 promoter
containing an RSBE site (�491 to 467 or 383 to�363) (Fig. 4B).
Nuclear extract from these cells bound to DNA probe and
formed a shifted band designated as Cm1 with higher intensity
than nuclear extract isolated fromPrdx6�/� cells (Fig. 4B, lanes
1–4). Lanes 3 and 4 represent double dilution of nuclear extract
to show the comparative binding. A probable reason for resid-

ual activation of Smad3 in Prdx6�/�

was that the cells were cultured in
serum-depleted medium to main-
tain their bona fide character, since
lens cells are devoid of blood circu-
lation. The Cm1 complex that
appeared in the lanes was super-
shifted and formed a band after the
addition of Smad3-specific antibody
(sc-6202; Santa Cruz Biotechnol-
ogy) Ss1 (Fig. 4C, lane 2) and dem-
onstrated the specificity of Smad3
and DNA interactions. A band (Ns)
appeared in all lanes with approxi-
mately the same intensity, suggest-
ing that it is nonspecific. This band
was used to show equal loading,
because it remained unaltered,
demonstrating that not all nuclear
proteins in Prdx6�/� cells changed
their property.
Mutation in RSBE Sites Present in

the Prdx6 Promoter Abrogates
Repression of Prdx6Transcription in
Prdx6�/� Cells and Is Unresponsive

to TGF�1 Treatment—We next evaluated the functionality of
RSBE sites in the Prdx6 promoter by mutating these sites
(RSBE/TIE-1 (nnTTGGnnnnn to nnTTAAnnnnn) and/or
RSBE/TIE-2 (nnTTGGnnnnn to nnTACGnnnnn)) and con-
ducting the transactivation assay.Wemutated RSBE/TIE bind-
ing sites in wild-type Constructs B and C and denoted them
B-Mut-1, B-Mut-2, B-Mut-1� 2, and C-Mut, respectively (Fig.
5, left). Cells were transiently transfected with plasmids encod-
ing the CAT reporter under the control of wild-type or mutant
Prdx6 promoter. As expected, the promoter activity of mutant
promoter was increased in Prdx6�/� cells (Fig. 5, black bar
versus gray, light gray, and open bars) when repressive Smad3-
binding elements were disrupted (Construct B (Mut-1, Mut-2,
and Mut-1 � 2) and Construct C (Mut)), suggesting that RSBE
sites in the Prdx6 promoter were functional and were required
for physical and functional interaction of Smad3 to repress
Prdx6 promoter activity.
Wenext tested the effect of TGF�1 onPrdx6 promoter activ-

ity. Cells transfected with either wild type or mutant promoter
(disrupted RSBE site) were treated with TGF�1 for 48 h, and
promoter activity was evaluated. Results disclosed that the
treatment did not affect the mutant promoter activity, in con-
trast to wild type promoters (data not shown). We concluded
that theRSBE sites in the promoterwere functional, and repres-
sion of the Prdx6 promoter was associated with Smad3-medi-
ated TGF�1 signaling in cells facing oxidative stress. Thus, we
found two active sites of RSBE that were involved in suppres-
sion of Prdx6 genes, and results unveil the TGF �1 suppression
of Prdx6 mRNA and protein in LECs (5, 31).
NF-�B Is Present in Activated Form in Prdx6�/� Cells, a

Model for Cells Facing Oxidative Stress—In the transactivation
experiments described above, we observed a progressive
decline in the pattern of Prdx6 promoter activity. Notably, the

FIGURE 4. Expression levels of Smad3 and pSmad3 in the cytoplasmic and nuclear extract of Prdx6�/�

cells. A, cytoplasmic and nuclear extracts were prepared and resolved by SDS-PAGE, followed by Western
analysis for Smad3 and pSmad3 (compare lanes �/� versus lanes �/�). B and C, representative gel shift and
supershift assays showing binding of Smad3 present in the nuclear extracts of Prdx6�/� to RSBE-1 probe
derived from the Prdx6 promoter. Nuclear extract (5 or 2 �g) from Prdx6�/� (B, lanes 2 and 4) or Prdx6�/� (lanes
1 and 3) cells was incubated with radiolabeled probe having an SRBE-binding element (RSBE-1). Supershift
assay was performed (C, lane 2) following incubation with Smad3-specific antibody (sc-6202; Santa Cruz Bio-
technology). Similar results were obtained with SRBE-2 (data not shown). NS denotes nonspecific binding and
demonstrates equal loading of samples.
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decline was related to deletion mutant promoter constructs
lacking putative NF-�B sites. We predicted that the NF-�B site
present in the promoter should be involved in regulating the
Prdx6 gene. To test whether NF-�B is indeed present in the
activated state in Prdx6�/� cells, we performed Western anal-
ysis with these redox-active cells to isolate nuclear and cytosolic
extract and assess expression levels of important components
of the NF-�B family. Western analysis of nuclear and cytoplas-
mic extracts of Prdx6�/� and Prdx6�/� cells revealed a dimin-
ished expression of RelA/p65 in Prdx6�/� cytoplasmic extract
(data not shown), in contrast to nuclear extracts that had a
higher level of RelA/p65, suggesting thatNF-�B is activated and
translocated into the nucleus (Fig. 6A, a, lanes 2 and 4). Under
normal conditions, NF-�B (RelA/p65) resides in the cytoplasm
through its interaction with I�B-�, I�B-�, or I�B-�. Activation
of NF-�B involves phosphorylation, ubiquitination, and prote-

olysis of I�B-�. Liberated NF-�B (p65 and p50) migrates to the
nucleus, where it stimulates the transcription of target genes
(69). Therefore, to test the degradation and phosphorylation of
I�B-� in Prdx6�/� cells, the membrane stained earlier with
RelA/65 antibody (cytoplasmic extract) was stripped and rep-
robed with I�B� or pI�B� antibodies. Results revealed the deg-
radation as well as phosphorylation of I�B-� in Prdx6�/� cells
(Fig. 6A, bottom, cytosolic extract, lanes 2 and 4) in contrast to
Prdx6�/� cells (lanes 1 and 3).

Next, to learn whether the activation of the NF-�B signal-
ing in Prdx6�/� is functional, we performed transactivation
experiments utilizing pHIV-1 CAT constructs (a kind gift of
Kretz-Remy); pLTR-CAT construct (wild type), which con-
sists of binding sites for NF-�B (Fig. 6B, a); pLTR-CAT-
EcoR1 (Fig. 6B, b, where NF-�B sites are palindromic); and
pLTR-CAT-Pst1 (Fig. 6B, c, where NF-�B sites aremutated), as

described under “Experimental Pro-
cedures.” The promoter activity of
Constructs A and B was significantly
increased in Prdx6�/� cells in com-
parisonwithPrdx6�/�.On the other
hand, Construct C, where NF-�B
sites were mutated, did not show
significant activity in either type of
cells, demonstrating the presence
of active NF-�B signaling in
Prdx6�/� cells.
NF-�B in the Nuclear Extract of

Prdx6�/� Cells Binds Directly to Its
Responsive Elements in the Prdx6
Promoter and Regulates Its
Transcription—Changes in reduc-
tion-oxidation potential have been
shown to influence the DNA bind-
ing activity of several transcription

FIGURE 5. Point mutation at RSBE site(s) of the Prdx6 promoter abrogated repression of Prdx6 transcrip-
tion in Prdx6�/� cells. Left, schematic illustration of wild type (Constructs B and C having RSBE/TIE) and
mutated (RSBE/TIE disrupted using site-directed mutagenesis) Prdx6 promoter constructs. Right, CAT activity
of engineered wild type (black bars) and mutant (gray, light gray, and open bars) promoter constructs of Prdx6
was assessed for their transcriptional activity in Prdx6�/� and Prdx6�/� cells. All data were presented as the
mean � S.D. from at least three independent experiments.

FIGURE 6. A, presence of RelA/p65 in the nuclear extract and phosphorylated/degraded form of I�B� in the cytosolic extracts of Prdx6�/� cells. a, representative
Western blot displaying predominant presence of NF-�B/p65 in nuclear extracts from Prdx6�/� cells. Nuclear extracts were isolated from Prdx6�/� and
Prdx6�/� cells. Western analysis was conducted with anti-RelA/p65 (sc-7151; Santa Cruz Biotechnology) using 15 and 7.5 �g of nuclear extract (a, lanes 1 and
2). b, cytoplasmic extracts were separated, and Western analysis was conducted using pI�B� (middle, lanes 2 and 4) or I�B� (top, lanes 2 and 4) in cytosolic
extracts of Prdx6�/� and Prdx6�/� cells. B, transactivation of HIV-1LTR disclosed the presence of NF-�B signaling in Prdx6�/�-depleted cells. Relative CAT
activity was measured in Prdx6�/� as well as in Prdx6�/� cells using HIV-1LTR promoter constructs (left). Prdx6�/� and Prdx6�/� cells were transiently
transfected with either wild type pLTR-CAT (a) or pLTR-CAT-EcoR1 (b; where NF-�B sites are palindromic) or pLTR-CAT-Pst1 (c; where NF-�B sites are mutated).
Promoter activity was monitored using CAT-ELISA.
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factors, such as oxyR, FOS/Jun, and NF-�B (19, 55, 56). To
ascertain thatNF-�Bpresent in the nuclear extract ofPrdx6�/�

cells binds to its responsive sites in the Prdx6 promoter, a double-
strandedDNAoligonucleotide havingNF-�B sites and itsmutant
were chemically synthesized. The gel shift assay was conducted
with the nuclear extracts isolated from Prdx6�/� and Prdx6�/�

cells using NF-�B �651CTTCAGGTGGGAATTCACTTG-
CATAC�626 and its mutant GG to AA binding sites following
the method of Fatma et al. (1, 2) (Fig. 7A). As standard control,
oligonucleotides containing the NF-�B site (5�-AGTT-
GAGGGGACTTCCAGGC-3�; catalog number sc2505; Santa
Cruz Biotechnology) and its mutantG to C were used to verify
the results. Gel shift assay results demonstrated that nuclear
extract isolated fromPrdx6�/� cells was able to strongly bind to
wild type 1NF-�B-2 probe and formed the Cm1 complex (Fig.
7A, left, lane 2, 1NF-�B-2). The nuclear extract did not bind to
its mutants (Fig. 7A, lanes 3 and 4). However, there was mild
interaction between nuclear extract derived from Prdx6�/�

cells as cells were cultured in serum-depleted medium. A sim-
ilar experiment using standard 2NF-�B probe demonstrated
active NF-�B in the nuclear extract of Prdx6�/� cells, which
bound to its responsive elements (Fig. 7A, middle, lane 6),
whereasmutant probe did not further validate the binding (Fig.
7A, middle, lanes 7 and 8). A supershift assay using antibody
specific to RelA/p65 showed that the Cm1 band (Fig. 7A, right,
lane 9) was supershifted to the Ss1 band after the addition of
antibody (lane 10), suggesting the binding specificity of probe
and NF-�B interactions. Similar results were obtained with
NF-�B sites present in the Prdx6 promoter at positions�957 to
�936 (Fig. 1). A band (Ns) appeared in all lanes with approxi-
mately the same intensity, signifying a nonspecific entity. This
band confirmed equal loading as well, signifying that not all
nuclear proteins in Prdx6�/� cells gained their DNA-binding
property.

NF-�B is a redox-active transcriptional protein and regulates
many promoters containing variations in highly divergent con-
sensus DNA-binding sequence. This variation may provide an
opportunity for co-activators to find a place for functional
interaction in modulating the target gene. Also, variation in
consensus sequence in the NF-�B site may provide binding
affinity that affects the transactivation potential of NF-�B (70,
71). NF-�B is highly activated inPrdx6�/� cells and binds to the
Prdx6 promoter of its responsive element. Transactivation
assays, as shown in Fig. 2, black bar, clearly demonstrated that
ConstructAwith two sites andConstruct Bwith only one site of
NF-�B displayed significantly higher CAT activity than Con-
struct C, which lacked the NF-�B site. However, from this
experiment, it remained uncertain whether the higher activity
of Constructs A andB resided exclusively in theNF-�B-respon-
sive element. To test the functionality and contribution of each
NF-�B binding site (NF-�B-1 and NF-�B-2), in transcriptional
regulation of the Prdx6 promoter, we altered 948GCCTC-
CCACA939 to AA (NF-�B-1) and 644TGGGAATTCA635 to C
(NF-�B-2) and carried out a transactivation assay using wild
type and mutant Prdx6 promoter constructs linked to CAT.
Surprisingly, the promoter activity of mutated Construct A
(Construct A; Mut-1 orMut-2 orMut-1 � Mut-2) was moder-
ately increased (Fig. 7B, red bar versus blue, green, and yellow
bars), and activity was NF-�B site-dependent. To validate the
results, we used a dominant negative mutant NF-�B inhibitor
(I�B�AA). Cotransfection of the dominant negative mutant
attenuated NF-�B activity (Construct A and light red bars),
confirming that both NF-�B sites present in the Prdx6 pro-
moter are functional. Interestingly, the effect of dominant neg-
ative NF-�B inhibitor (I�-B� AA) in attenuating Prdx6mutant
promoters (Construct A;Mut-1 andMut-2) was significant but
not as dramatic as was observed in the wild-type promoter.
However, each of the two sites of NF-�B responded differently

FIGURE 7. A, nuclear extract from Prdx6�/� cells strongly bound to the NF-�B-responsive element present in the Prdx6 promoter. The 32P-labeled oligonucleo-
tide probes 1NF-�B-2 and 2NF-�B (as standard control) and their mutants were incubated with nuclear extract isolated from Prdx6�/� and Prdx6�/� cells, and
a gel shift assay was performed. A supershift assay using Rel/P65 antibody following incubation with Prdx6�/� nuclear protein extract was carried out (Ss1; lane
10). B, point mutation at NF-�B sites identified by gel shift assay experiment (NF-�B-2) in the Prdx6 promoter Construct B abolished its transcriptional activity,
whereas disruption of NF-�B-1 and/or NF-�B-2 in Construct A increased the promoter activity. Prdx6�/� or Prdx6�/� cells were transiently transfected with
equal amounts of wild type and their mutant promoter-driven CAT reporters (left panel, showing schematic representation of constructs in the experiment),
and the CAT activity was measured. For Construct A, CAT activity of promoter mutated at NF-�B sites (Mut-1 (blue bar), Mut-2 (green bar), or Mut1 � Mut-2
(yellow bar)) was compared with the activity of wild type promoter constructs (WT (red bar)). In the same set of experiments, cells were also cotransfected with
dominant-negative I�-B� mutant (I�-B�AA; light red bar, light blue bar, and light yellow bar). For Construct B, cells were transfected either with wild-type NF-�B
or its mutant, and CAT activity was monitored (B, WT versus Mut). In another set of experiments, cells were cotransfected with I�-B�AA (Construct B, light red and
light blue bars). The CAT vector showed insignificant activity (data not shown).
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(ConstructA;Mut-1 (blue and light blue bars) andMut-2 (green
and light green bars)). The Prdx6 promoter containing both
disrupted NF-�B sites was unresponsive to negative dominant
I�B�, further (Construct A; Mut-1 � 2; yellow and light yellow
bars), suggesting that NF-�B is a regulator and involved in fine
tuning of Prdx6 gene transcription and that it should be asso-
ciated with the cellular requirement. Next, we intended to
know the effect of a point mutation at the NF-�B site in Con-
struct B (�839 to �109). The point mutation at the NF-�B-2
site (Construct B;Mut) dramatically abolishedPrdx6 gene tran-
scription and added further theweight to the possibility that the
NF-�B-responsive elements present in the Prdx6 promoter
were indeed functional and may act differently to regulate
Prdx6 expression. Interestingly, similar results have been
reported by Gallagher and Phelan (31), where they have sug-
gested the repressive role of NF-�B in Prdx6 transcription. We
found similar results, an increase of Prdx6 promoter activity
when cells were treated with SN50, an inhibitor of NF-�B (data
not shown). However, based on our results, we propose a regu-
latory role of NF-�B in Prdx6 gene transcription, where NF-�B
controls Prdx6 expression, depending on cellular requirement.
Similar patterns of transactivity of these constructs were noted

in Prdx6�/� cells, but activity was
significantly less due to the preva-
lence of Smad3-mediated TGF�
signaling (data not shown). More-
over, it appears that the NF-�B-1
site functions differently from
NF-�B-2 sites. This differential
activity of NF-�B for different sites
may be associated with regulatory
specificity (due to variations in
sequences) thatmay offer and ascer-
tain which cofactors interact with
the site (72). Collectively, results
demonstrate that NF-�B sites pres-
ent in the Prdx6 promoter are
responsible for Prdx6 expression
and thereby provide fine tuning for
Prdx6 expression needed to main-
tain cellular homeostasis.
Delivery of PRDX6 Restores the

Prdx6 Gene Promoter Activity in
Prdx6�/� Cells by Attenuating
Smad3-mediated TGF�1 Signa-
ling—NF-�B is known to have
diverse functions in conditions
ranging from cell death to cell sur-
vival; it achieves these functions by
regulating apoptotic and antiapop-
totic genes. Proapoptotic and anti-
apoptotic roles of NF-�B depend
upon cell types and cell environ-
ment (57). However, we believe that
NF-�B regulation of survival genes
may be attenuated due to dominant
repressive signaling present in the
cellular microenvironment during

oxidative stress or in aging cells that may turn NF-�Bs-medi-
ated prosurvival signaling to death signaling. Figs. 2 and 5 dem-
onstrate that repression of Prdx6 promoter activity could be
reduced and attenuated activity could be restored by adding
TGF�1-neutralizing antibody or by disrupting the RSBE site in
the Prdx6 promoter, suggesting the existence of TGF�1-medi-
ated repression of Prdx6/PRDX6 expression. In an earlier
study, we found that Prdx6/PRDX6 expression was suppressed
by activation of TGF�1 in Prdx6�/� cells or the addition of
TGF�1 in cultured cells (1, 4, 5). That finding supports our
hypothesis that TGF�1 mediates repression of NF-�B-activa-
tion of Prdx6 gene transcription during oxidative stress. Since
Prdx6�/� LECs are under continuous oxidative stress, we pre-
dicted that the addition of PRDX6might restore NF-�B activa-
tion of Prdx6 gene transcription by limiting ROS expression
and thereby halting the TGF�1-mediated adverse signaling in
these cells caused by ROS-driven overshooting or perturbing
the delicate redox balance. We reconfirmed our earlier report
(1) on whether Prdx6�/� cells are under oxidative stress. To
this end, we quantified intracellular levels of ROS using
H2-DCF-DA. Results established that Prdx6�/� cells harbor
higher levels of ROS, and NAC treatment reduced the expres-

FIGURE 8. A, PRDX6 delivery to Prdx6�/� cells restored the Prdx6 promoter activity by attenuating Smad3
binding to RSBE. Prdx6�/� and Prdx6�/� cells were cultured in the presence (4 �g/ml) or absence of PRDX6 (4).
Nuclear extract was isolated and incubated with radiolabeled RSBE-1 probe, and a gel shift assay was per-
formed. Binding affinity of nuclear extract from Prdx6�/� cells supplied with recombinant PRDX6 (lane 3, Cm1;
see Figs. 1 and 4 for RSBE-1) was compared with nuclear extract of Prdx6�/� cells (lane 2) to radiolabeled
oligonucleotide probe containing RSBE. B, gel shift assay showing binding of nuclear extract from Prdx6�/�

cells to radiolabeled probe containing NF-�B binding site or its mutant probe (NF-�B-2; see Fig. 7); binding
activity of nuclear extracts isolated from cells treated with PRDX6 (lanes 2 and 3) compared with that of cells
where TAT-HA-PRDX6 was not added (lane 1). C, Prdx6�/� cells showing higher expression of ROS. An
H2-DCF-DA assay was conducted to monitor the effect of NAC on levels of ROS (C, gray bars). D and E, cells were
transiently transfected with different Prdx6-CAT constructs and were cultured with or without PRDX6 for 3
consecutive days (4 �g/ml) or treated with NAC (1 mM), an antioxidant. After 72 h, cells were harvested, and CAT
activity was monitored (D, gray bars) or NAC (E, gray bars).
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sion levels ROS in these cells (Fig. 8C). However, in the present
study, the promoter activity of Prdx6 was repressed in
Prdx6�/� cells while NF-�B was in the activated form (Figs.
2–5), and this happened as activated Smad3 in nuclear extract
ofPrdx6�/� cells bound toRSBE in thePrdx6 promoter (Fig. 4).
Because PRDX6 is a protective protein and maintains cellular
homeostasis by negatively regulating death signaling, we
hypothesized that the addition of PRDX6 and/or NAC, an anti-
oxidant to Prdx6�/� cells, might optimize the DNA activity of
NF-�B and Smad3 and reverse repression of Prdx6. Prdx6�/�

cells were treated either with TAT-HA-PRDX6 recombinant
protein, which can efficiently internalize in cells in a dose-de-
pendent fashion (4, 61, 73), orwithNAC.Three days later, these
cells were harvested, nuclear extract was isolated, and a gel shift
assay was performed with RSBE/TIE-1 (Fig. 8A), NF-�B-2, or
mutant (Fig. 8B) probe. The addition of TAT-HA-PRDX6 (4
�g/ml) significantly reduced Smad3 binding to SRBE/TIE (Fig.
8, lane 3) and NF-�B overactivation and its binding to probe in
a concentration-dependent fashion (Fig. 8B, lanes 2 (2 �g/ml)
and 3 (4 �g/ml)), demonstrating the ability of PRDX6 to block
Smad3-mediated signaling and normalize NF-�B activation
and its binding in Prdx6�/� cells.

To test whether supplying PRDX6 to Prdx6�/� cells could
restore repressed Prdx6 promoter activity, cells (wild type or
Prdx6-depleted)were transiently transfectedwithdifferentPrdx6-
CAT constructs, A, B, or C, and were supplied either with TAT-
HA-PRDX6 for 3 consecutive days (4 �g/ml) (Fig. 8D) or with
NAC (1 mM), an antioxidant (Fig. 8E). CAT assay results
revealed restoration of promoter activity in Prdx6�/� cells sup-

plied with TAT-HA-PRDX6 pro-
tein (Fig. 8D, gray bars) as well as
cells treated withNAC (Fig. 8E, gray
bars) in comparison with untreated
cells (Fig. 8, white bars). The re-
sults provided further evidence
that ROS-driven TGF�-mediated
adverse signaling could be inhibited
by maintaining PRDX6 expression
during oxidative stress or by opti-
mizing intracellular ROS levels.
Prdx6-depleted cells lose their bona
fide phenotypes and do not main-
tain homeostasis (1, 4). These find-
ings indicate that TGF�1-induced
Smad3-mediated signaling is a plau-
sible main culprit in repression of
the Prdx6 gene in Prdx6�/� cells
facing oxidative stress.
Smad3-dependent TGF�1-medi-

ated Repression of the Prdx6 Pro-
moter Is Lost in Smad3�/�-deficient
Cells—Our next experiments
sought to determine whether Prdx6
promoter activity was restored in
Smad3�/� cells, where TGF�1-in-
duced Smad3-mediated repressive
signaling was inactive. The avail-
ability of targeted disruption of

Smad3 in mice (46) was a powerful tool to confirm the func-
tionality of Smad3-mediated repression of the Prdx6 gene pro-
moter in cells facing oxidative stress. LECs from Smad3�/�

(wild type) and Smad3�/� (knock-out) mice were isolated and
maintained in DMEM � 10% fetal bovine serum, as described
elsewhere (1) (Fig. 9A). Integrity of these cells was validated
using Western analysis with Smad3-specific antibody (Fig. 9B,
top). To examinewhether cells isolated from lenseswere indeed
LECs, we conductedWestern analysis using �A-crystallin anti-
body. Results revealed the presence of �A-crystallin, a specific
marker for LECs, both Smad3�/� and Smad3�/� cells of the
third passage (Fig. 9B, middle). As shown in Fig. 9, bottom,
Western analysis with �-actin antibody revealed equal loading.
We next investigated whether Prdx6 promoter activity was

restored and increased in cells lacking Smad3. Smad3�/� and
Smad3�/� cells were transfectedwithConstruct A, B, or C, and
a CAT assay was performed (see “Experimental Procedures”).
The activity of Prdx6 promoter constructs was increased
�4-fold (Construct A; Fig. 9, two sites of NF-�B, dotted bar),
3-fold, (Construct B; Fig. 9, a site of NF-�B, dotted bar), and
change in basal promoter activity of Construct C (lacking
NF-�B site but with a RSBE site, dotted bar) was also observed.
The Prdx6 promoter activity was comparable with the activity
of mutant Prdx6 promoter, where RSBE sites were disrupted
(Fig. 5). Collectively, the results established that the presence of
Smad3 and its activation were responsible for the repression of
Prdx6 promoter activity in cells facing oxidative stress, at least
in eye lens, demonstrating that Smad3 was specifically and
directly involved in repression of thePrdx6 promoter byTGF�-

FIGURE 9. A, photomicrograph of Smad3�/� and Smad3�/� lens epithelial cells cultured in vitro and validation
of their integrity. Smad3�/� (a) and Smad3�/� (b) LECs were isolated from their corresponding mouse lenses
and maintained in DMEM plus 10% fetal bovine serum (1). B, integrity of these cells was validated using
�A-crystallin antibody (middle), a specific marker of LECs, and Smad3-specific antibody (top) using Western
analysis. Bottom, �-actin, an internal control. C–E, unlike Prdx6�/� cells, Smad3�/� cells displayed enhanced
Prdx6 promoter activity and increased expression of PRDX6 protein. C, a representative of transactivation assay
experiments showing CAT activities in Smad3�/� and Smad3�/� cells cultured in serum-depleted media. Cells
were transfected with equal amounts of Prdx6 promoter linked to CAT. CAT activity was measured as described
under “Experimental Procedures.” CAT activity of deletion mutant constructs in Smad3�/� cells (dotted bar)
and Smad3�/� cells (black bars) was monitored. Western analysis (D) and RT-PCR (E) showing expression of
PRDX6 protein and mRNA in Smad3�/� cells, respectively.
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mediated signaling. Western analysis disclosed that Smad3�/�

cells harbored abundant levels of PRDX6, suggesting that sup-
pression of Prdx6 was associated with Smad3-mediated TGF�
signaling.
NF-�B in Nuclear Extract of Smad3�/� Cells Binds to Its

Site(s) in the Prdx6 Gene and Tunes Prdx6 Transcription—We
next sought to investigate the transactivation potential and
DNA binding affinity of NF-�B in Smad3�/� or Smad3�/�

cells, as observed in Prdx6�/� and Prdx6�/� cells (Fig. 7A).
First, we looked atDNAbinding to probe containing theNF-�B
site derived from the Prdx6 promoter and its interaction with
nuclear extract isolated from Smad3�/� cells or Smad3�/�

cells cultured in serum-depleted medium. A gel shift assay was
performed by using wild type probe containing the NF-�B-2
site (�651 to�626) and itsmutant probe (see Fig. 10A). ACm1
complex was observed in Smad3�/� cells with wild type probe
but not with mutant probe, demonstrating that NF-�B in
Smad3�/� cells directly binds to its responsive elements as
expected. Binding affinitywas significantly higher in Smad3�/�

cells than in Smad3�/�. The stronger affinity of NF-�B in
Smad3�/� cells may be associated with an abundance of acti-
vated NF-�B in nucleus, sinceWestern analysis revealed signif-
icantly increased accumulation of this molecule in the nucleus
of Smad3�/� cells (data not shown). Ns (Fig. 10) denotes non-
specific binding and also provides equal loading and suggests
that all nuclear proteins in Smad3�/� cells are not activated.
Next, we testedwhetherNF-�B is a regulator of transcription of
the Prdx6 promoter in Smad3�/� cells, since transcriptional
activity of Prdx6 along with Prdx6 mRNA and protein was
found to be increased (Fig. 9). A transactivation assay was car-
ried out by using wild type promoter and its deletion mutants.
Interestingly, Prdx6 promoter activity was significantly
increased in Smad3�/�-depleted cells compared with
Smad3�/� cells. The elevated promoter activity in Smad3-de-
pleted cells demonstrates that Smad3-mediated recessive sig-
naling is a causative factor in attenuation of Prdx6 expression
(Fig. 9C, dotted bars versus black bars). Several reports have
documented both prosurvival and proapoptotic roles for
NF-�B (72), depending on cell type and cellular microenviron-

ment. However, our findings support that the loss of NF-�B
control of Prdx6 gene transcription was due to the prevalence
of dominant Smad3-mediated repressive signaling in Prdx6�/�

cells or cells under redox state.We think that once ROS-driven
oxidative stress exceeded a certain threshold value, Smad3-me-
diated repressive signaling was triggered due to ROS-induced
activation of TGF�, thereby attenuating Nrf2 activation (58)
and NF-�B regulation of Prdx6 transcription. We believe that,
during aging, reduced expression of Prdx6 (49) is caused by the
prevalence of this signaling. Moreover, up-regulation and acti-
vation ofNF-�Bhave been reported during aging, since they are
in redox state (74, 75), and higher levels of ROS in aging or aged
organisms may account for this increased activity. Thus, our
study provides evidence that aging-induced modulation of
NF-�B activity played an important role by regulating survival
genes, including antioxidants, but that the activity became
attenuated due to ROS-induced activation of TGF�-mediated
adverse signaling.
Smad3�/�-deficient LECs Display Increased Expression of

Prdx6 mRNA and Protein and Engender Resistance against
TGF�-induced Insults—Prdx6�/� cells harbor elevated levels
of TGF� and undergo spontaneous apoptosis (1, 4, 5). Activa-
tion of TGF-� induces phenotypic changes and apoptosis in
many cell types, including LECs. The current study found that
TGF� did so by activating Smad3-mediated repressive signal-
ing and attenuating NF-�B control of Prdx6 gene transcription
in cells facing oxidative stress. Next we asked whether the
expression level of Prdx6would be increased in Smad3�/� cells
and whether these cells would confer resistance against
TGF�1-induced insult. Cells were exposed to variable concen-
trations of TGF�1 (1, 2, and 5 ng/ml) for 24 or 48 h. Cells were
photomicrographed, and cell viability was estimated using an
MTS assay. Smad3�/� cells showed resistance against TGF�1-
induced adverse effects (Fig. 11A, left); in contrast, significant
cell death could be seen in Smad3�/� (right). In a parallel exper-
iment, we assessed cell viability using a survival assay (MTS
assay), and results clearly demonstrated that Smad3�/� cells
efficiently engendered resistance against TGF�1-induced
insult (Fig. 11B, black bar). However, TGF�1 at 5 ng/ml showed
massive cell death. Although cell death also occurred in
Smad3�/� null cells, cell viability was significantly higher (data
not shown). We verified expression levels of PRDX6 in both
types of cells usingWestern analysis and RT-PCR. As expected,
a significant suppression in PRDX6 level was seen in Smad3�/�

cells after TGF-� treatment, whereas expression level remained
unchanged in Smad3�/� cells (Fig. 11C). However, TGF�1 at 5
ng/ml could reduce PRDX6 expression (data not shown). We
concluded that TGF�1-induced suppression of Prdx6 was due
to the presence of Smad3-mediated signaling.
Smad3�/� LECs Engender Resistance against H2O2-induced

Stress—To test Smad3�/� cell survival ability against H2O2-
induced stress, cells were cultured and exposed to H2O2 at 100
or 200 �M for 2 h, following the methods of Fatma et al. (1, 2).
Cell viability was estimated after 24 h using an MTS assay.
Smad3-depleted cells counteracted the H2O2-induced oxida-
tive stress and survived well (Fig. 11D, gray bar). Changes in the
cellularmicroenvironmentmay lead to themodification of cell-
signaling molecules, including transcription factors and pro-

FIGURE 10. NF-�B in the nuclear extract from Smad3�/� cells was tran-
scriptionally active, bound strongly to its responsive element(s). A gel
shift assay was conducted with the nuclear extracts isolated from Smad3�/�

and Smad3�/� cells cultured in serum-depleted medium as described earlier
following incubation with radiolabeled oligonucleotide probe, NF-�B-2 (lane
1), or its mutant. Similar results were obtained with NF-�B-1 probe (data not
shown).
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teins involved in protection. Diminished cellular antioxidant
levels have been documented during aging. This reduced
expression of PRDX6may be related to ROS-induced overacti-
vation of TGF�-mediated adverse signaling. Our current and
previous studies collectively support our hypothesis that ROS-
induced activation of Smad3-mediated repressive signaling is
one factor that negatively regulates survival signaling by
repressing NF-�B-mediated regulation of Prdx6 gene tran-
scription, at least in the eye lens.

DISCUSSION

Cellular pathology may be triggered by the dysregulation of
several survival genes due to severe ROS-driven oxidative
stress. Studies in a variety of experimental systems have dem-
onstrated ROS induction and activation of TGF�s and their
involvement in themodulation of gene transcription (20). Since
ROSplay amajor role in signal transduction, oxidative dysregu-
lation or modulation of ROS levels and thereby abnormal
expression and activation of transcriptional proteins may be a
major underlying mechanism for pathologic and abnormal
physiologic changes in cells bearing reduced levels of cytopro-
tective proteins, such as PRDX6. Our present effort was
intended to reveal the mechanism by which Prdx6 gene tran-
scription is regulated at cellular and molecular levels and how

this process goes awry in pathophysiological circumstances or
in cells facing oxidative stress (redox state), as in Prdx6 deple-
tion (1, 3, 4, 10). In this context, we analyzed the Prdx6 gene
promoter spanning from�1139 to�109.MatInspector (Geno-
matix), a Web-based computer program, disclosed the pres-
ence of two putativeNF-�B sites (Fig. 1, NF-�B-1 andNF-�B-2)
and two RSBE elements (Fig. 1, RSBE-1 and RSBE-2). A gel shift
assay as well as a transactivation assay with deletion mutants
and point mutation at specific sites of NF-�B and RSBE
revealed that these sites were functional and contributed to
regulation of Prdx6 gene transcription (Figs. 2–7). A further
goal was to dissect out the contribution and role of NF-�B and
Smad3-mediated TGF� signaling in regulation of Prdx6 gene
transcription in cells having normal physiological condition as
well as cells facing stress. We used Prdx6-depleted (Prdx6�/�)
cells as a model for redox-active cells (1, 10, 11) and Smad3-
depleted cells (Smad3�/�) and their wild type cells. Promoter
activity of Prdx6 was significantly reduced in Prdx6�/� cells,
suggesting that Smad3-mediated TGF� signaling is involved in
repression of Prdx6 gene transcription through RSBE. This was
confirmed by the finding that application of TGF�1-neutraliz-
ing antibody restoredPrdx6promoter activity inPrdx6�/� cells
(Fig. 3). Frederick et al. (47) have reported that Smad3 directly
binds theRSBE element in the c-mycpromoter and represses its
promoter activity in the presence of active TGF�. Moreover,
severalmechanisms of TGF� activation are known, andTGF�1
can be activated by a diverse group of activators, including ROS
(40, 41). Earlier, we showed that ROS activation of TGF � in
Prdx6�/� cells and in aged cells attenuates the functions of the
transcriptional protein LEDGF (1, 48) Considering the TGF�
activation of Smad3 (pSmad3) in Prdx6�/� cells, we examined
the involvement of Smad3 as a TGF�-dependent effectors of
changes in gene expression.Western analysis studies of cellular
and nuclear extracts from Prdx6�/� and Prdx6�/� with
pSmad3 and Smad3 antibodies showed the accumulation of
pSmad3 in nuclei of Prdx6�/� cells (Fig. 4A, bottom), whereas
Smad3 was in the cytoplasm of Prdx6�/� cells (Fig. 4, top).
These results suggest that Smad3 is present in the activated
form in Prdx6�/� cells. Nuclear Smad3 bound to the probes
containing RSBE sites in gel shift and supershift assays, con-
firming that it binds directly to SRBE sites in the Prdx6 pro-
moter (Fig. 4, B and C). However, some residual activity of
Smad3 was also observed in nuclear extract of Prdx6�/� cells,
since the cells were cultured in serum-free medium, and the
ROS-mediated activation of TGF�was expected (1). Smad3 has
been found tomediate TGF�-dependentmodulation of a num-
ber of genes (47, 76, 77). The inhibitory function of TGF� on
gene transcription and thereby on cell growth, differentiation,
and apoptosis has been well documented, but the way in which
this factor represses gene transcriptions, including that of
Prdx6, is not clear. Recently, roles of the Smad family in mod-
ulation of gene transcription have been explored extensively
(78–81). Smads function downstream,where Smad1, -2, and -3
(R-Smads) interact directly with type I receptors upon ligand
binding, undergo phosphorylation by kinases, and convey the
signals from cell membrane to nucleus (79). Smads are unique
in DNA binding activity. They bind DNA not only through
interacting with other transcriptional proteins, such as FAST1

FIGURE 11. A, Smad3�/� cells engendered resistance against TGF�-induced
insults. Photomicrographs of Smad3�/� (left) or Smad3�/� (right) cells treated
with TGF�1 (2 ng/ml). Cells were cultured for 24 h in DMEM containing 10%
fetal bovine serum and then washed. The medium was replaced with 0.2%
bovine serum albumin in DMEM with or without TGF�1 for 24 or 48 h. The
arrows indicate dead cells. B, cell viability of Smad3�/� cells against TGF�1-
induced insults was estimated using an MTS assay (black bar). C, TGF�1 failed
to suppress Prdx6 expression in Smad3�/� cells (top, right lane). Western anal-
ysis was conducted using cellular extract isolated from Smad3�/� and
Smad3�/� cells treated or untreated with TGF�1. Cell lysate was prepared
using radioimmunoprecipitation buffer, samples were resolved on SDS-
PAGE, and Western analysis was done with anti-PRDX6 antibody. �-actin was
used as loading control. D, Smad3�/� LECs showed resistance against H2O2-
induced oxidative stress-mediated damage. Smad3�/� (black bars) and
Smad3�/� (gray bar) cells were exposed to H2O2 at 100 or 200 �M for 2 h. Cell
viability was estimated after 24 h of recovery using an MTS assay.
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(82), but also by binding directly to specificDNA sequences (47,
83). Smad3 and Smad4 directly bind to a palindromic sequence
GTCTAGAC as a consensus binding sequence (SBE) (84).
Recently, Frederick et al. (47) identified an RSBE in the c-myc
gene promoter. They showed that the c-mycTIE is a composite
RSBE and is maximally composed of 5�-TTGGCGGGAA-3�,
where Smad3 directly binds and represses c-myc gene tran-
scription. Our current study found two RSBE sites in the prox-
imal promoter region of Prdx6 (Fig. 1, RSBE-1 and RSBE-2),
and these sites functionally and physically interacted with
Smad3 and repressed Prdx6 transcription in Prdx6�/� (active
Smad3-mediated TGF� signaling) (Figs. 4, 5, 9 (C, D, and E),
and 10). The results suggest that the Smad3 molecule is a
prerequisite for TGF�-mediated inhibition of Prdx6 repres-
sion. TGF� has been implicated in the etiology and progres-
sion of many diseases, including cataract (35). Our study
demonstrated for the first time that ROS-driven activation
of TGF� suppressed the expression of Prdx6, a protective
molecule, by Smad3-mediated repressive signaling, suggest-
ing that the prevalence of such deleterious signaling during
aging may be a plausible cause of degenerative disorders,
including cataractogenesis.
Recent studies have identified several ROS-signaling mecha-

nisms in which antioxidants, such as PRDX6, are critically impor-
tant and may serve as sensors for oxidative stress. Thus, in cells/
tissues, some level of antioxidants is undoubtedly important in
maintaining homeostatic conditions and protecting cells against
the damaging effects of oxidative stress (85, 86). However, an
increased or uncontrolled expression of antioxidants is not always
beneficial to cells (21, 87).We believe that fine tuning is required
to regulate the Prdx6 gene transcription necessary to maintain
cellular homeostasis. Therefore, we asked how Prdx6 regula-
tion is controlled both in cells under normal physiological con-
ditions and in those facing oxidative stress. Recently, a func-
tional antioxidant response element has been identified in the
Prdx6 promoter (58). They showed that Nrf2 binds to the anti-
oxidant response element and regulates Prdx6 gene transcrip-
tion.Moreover, a basic local alignment search revealed a signif-
icant homology among human, mouse, and rat prdx6 gene
promoters, ranging from�523 to�437 bp; this region contains
several transcription factors and responsive elements that may
participate in regulation of Prdx6 (data not shown). In the pres-
ent study, by utilizing Prdx6�/� cells as a model system for
redox active cells or aging cells, we found that NF-�B was pres-
ent in activated form in Prdx6�/� cells (Fig. 6, A (a and b) and
B). Nuclear extracts from Prdx6�/� cells as well as from
Smad3�/� cells bound to NF-�B-1 and NF-�B-2 probes
derived from the Prdx6 promoter. Importantly, while assessing
functional activity of each site of NF-�B, we found that point
mutation at the NF-�B-2 site in Construct B (�839 to �109)
dramatically eliminated the Prdx6 promoter activity (Fig. 7); in
contrast, point mutation at NF-�B-1, NF-�B-2, or both in Con-
struct A (�1139 to �109) of the Prdx6 promoter showed a
moderate increase in promoter activity (Fig. 7). Thus, we sur-
mise that NF-�B plays its role in fine tuning of Prdx6 expres-
sion, depending upon the cellular environment and cell types.
However, Chu et al. (88) have predicted a negative role for
NF-�B in antioxidant gene regulation. Recently, Gallagher and

Phelan (31) showed an increase of Prdx6 expression in the pres-
ence ofNF-�B inhibitor inH2.35mouse hepatocytes. However,
our study demonstrated the presence of two NF-�B sites, and
these sites may play different roles in controlling Prdx6 gene
expression to maintain optimum physiological levels of ROS.
Furthermore, we demonstrated elevated levels of PRDX6
mRNA and protein expression in Smad3�/� LECs. These cells
were resistant to oxidative stress as well as TGF�-induced
abuse, further suggesting that NF-�B optimizes Prdx6 gene
expression beneficial to cells (Figs. 9–11), whereas Smad3-me-
diated TGF� signaling is a major culprit in suppressing Prdx6
expression in this scenario. It has been reported that mice lack-
ing Smad3 show accelerated healing (15, 89) and has been sug-
gested that Smad3 plays a crucial role in tissue repair during
injury (90). Importantly, recently, several reports have come
forward documenting the role of PRDX6 in wound healing and
inmaintaining cell/tissue integrity (24). These studies as well as
our own clearly indicate that PRDX6 is the real savior of cells or
tissues, whereas Smad3-mediated attenuation of its expression
leads to cellular damage in cells facing oxidative stress.
Earlier studies in fact demonstrated that NF-�B may func-

tion as both proapoptotic and antiapoptotic (57), and it does so
by interactingwith co-factors. The interaction depends on vari-
ations in the NF-�B-binding element present in the specific
promoters as well as the availability of particular cofactors in
the cells (71). NF-�B is a regulator of many promoters contain-
ing variations in a highly divergent core consensus DNA-bind-
ing sequence (53). Variability in consensus sequences of the �B
site has been suggested to be related to specific regulatory func-
tion of NF-�B. The variation in gene regulation by NF-�B may
involve two mechanisms: 1) variation at NF-�B binding
sequence and selection of coactivator(s) according to cell
requirements to maintain physiology (71) and 2) possible affin-
ity of NF-�B dimer combinations for different sites (70). How
NF-�B operates Prdx6 gene transcription in lens or LECs under
redox conditions is largely unknown. Our present findings
demonstrate that the Prdx6 gene has two functional NF-�B
binding sites: NF-�B-1 (948GCCTCCCACA939, present at the
negative strand) and NF-�B-2 (644TGGGAATTCA635). Once
NF-�B is in the nucleus, it binds to �B consensus sequences
(5�-GGGRNYYYCC-3�, where R is purine, Y is a pyrimidine,
and N is any nucleotide) (91). However, variations in NF-�B
sites have been reported (16, 92), in which p50 binds to
5�-GGGGATYCCC-3� and p65 binds to consensus
5�-GGGRNTTTCC-3�. Considerable variation was possible in
the sequences between NF-�B-1 and NF-�B-2 sites present in
the Prdx6 promoter. However, perhaps the most unexpected
finding of this study was that the pointmutation of NF-�B sites in
the promoter ranging from �1139 to �109 released promoter
activity, although the activity was moderately increased, whereas
disruption of NF-�B-2 sites of Construct B (�839 to �109) elim-
inated Prdx6 promoter activity. This observation requires that
caution be exercised in making generalizations about the func-
tion of NF-�B sites in the gene promoter. Furthermore, the
different �B motifs may be able to form selective associations
with specific cofactors, suggesting that, in vivo, the cell may use
this type of differential recognition of binding sequences to fine
tune its response to various external signals. This fine tuning

Redox Regulation of Prdx6

22770 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 34 • AUGUST 21, 2009



might control the expression levels of genes like Prdx6 that
should be physiologically relevant to cell survival. However,
based on deletion Constructs A and B, the present study
revealed the possible presence of underlying putative enhancer
elements between �839 and �1139 bp of the Prdx6 promoter.
An analysis of this promoter region revealed several putative
sites for transcriptional factor binding, such asATF2 andATF6,
HNF4, NKXs, c-ETS (p54), KLF4 (Kruppel-like factor 4),
MZF1, c-Maf, AP1, antioxidant response element/Maf, and
AP1-related factors. These transcriptional proteins have diver-
sified roles in gene regulation and should provide clues to the
functions of PRDX6 and its effects in such varied situations as
cell survival and differentiation to development of cancer (1, 4,
5, 9, 17, 23, 24, 31, 58, 93) Further work is needed to explore the
role of transcriptional factors, particularly in Prdx6 regulation.
In summary, the present study unveiled a novel mechanism

of Prdx6 repression, showing the involvement of Smad3-medi-
ated TGF�-induced dominant repressive signaling in cells fac-
ing oxidative stress. Additionally, we propose a novel role for
NF-�B as a stress-sensing molecule that determines optimal
regulation of Prdx6 transcription that may require fine tuning
to avoid overshooting the desired beneficial effects to the point
of perturbing the delicate redox balance necessary for themain-
tenance of cellular functions, at least in eye lens/LECs. Findings
of this study add to knowledge of how the gene network is
changed during aging or oxidative stress and how these changes
act to turn survival signaling into deleterious signaling.
Although a more complete understanding of LEC cellular
response to oxidative stress is required, we believe that these
events are causally related (i.e. that the age-related reduction in
PRDX6 in lens tissues leads to oxidative damage of membrane
or cytosolic or nuclear factors important to maintain normal
lens physiology). As a consequence of this damage, the cell
homeostatic system fails, leading to cataractogenesis or other
degenerative disorders. The outcome of the study described
here should provide significant insight into the progression and
plausible etiology of oxidative stress-associated disorders and
deliver the background for developing antioxidant and/or tran-
scription factor(s) modulation-based therapy for preventing or
treating cataract and age-associated diseases in general.
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Nature 370, 341–347
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