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Introduction

Last year, we reported the cloning and characterization of the promoter composition of human
prxl gene and identified EpRE elements and Nrf2 as critical regulatory component of its up-
regulation in prostate cancer cells. We also reported that androgen receptor (AR) is trans-
activated by unstable oxygenation conditions. This year, we identified Kelch-like ECH-
associated protein, Keapl, as one of the important mechanisms of prx1 up-regulation by Nrf2
molecular mechanisms of Nrf2 activation. We were also able to demonstrate that AR activation
is significantly increased by Prx1. We will continue to define the role of Prx1 in hypoxia-
response of prostate cancer cells and the underlying regulatory mechanisms involved. This
study will provide a sound scientific basis upon which the roles of Prx1 can be elucidated in
prostate cancer, enabling the development of new therapeutic approaches to inhibit its
malignant progression.

Body

Task 1. To establish the molecular basis for Prx1 regulation by hypoxia and its
constitutive elevation in highly metastatic human prostate cancer cells (Months 1-36)

We hypothesized that the hypoxic and unstable oxygenation microenvironment of a tumor might
be crucial for prx1 up-regulation. We cloned the human prx1 promoter and identified NF-E2-
related factor 2 (Nrf2) as a key transcription factor. In our progress report of the last funding
period, we showed that hypoxia/reoxygenation, an in vitro condition suited to mimic changes of
oxygenation, increased Nrf2 nuclear localization and its binding to the electrophile responsive
elements (EpRE) located at the proximal (EpRE1, -536 to -528) and distal (EpRE2, -1429 to -
1421) regions of the prxl1 promoter. A significant reduction of both steady-state and
hypoxia/reoxygenation-mediated prx1 gene expression was demonstrated in Nrf2 knockout cells.
Our research accomplishment for Taskl during the current period is described below.

Keaplis reduced by hypoxia/reoxygenation

Keapl (Kelch-like ECH-associated protein 1) is known to suppress the nuclear accumulation of
Nrf2. Liberation of Nrf2 from Keapl has been suggested to stabilize cytoplasmic Nrf2 and
increase its nuclear translocation/trans-activation (1). Our results showed that
hypoxia/reoxygenation significantly reduced Keapl protein level in LNCaP cells (Figure 1A). A
detailed time-course experiment revealed that the decrease of Keapl occurred as early as 0.5 h
of reoxygenation, which was accompanied by the simultaneous increase of Nrf2 accumulation in
the nuclear fractions. Keapl down-regulation under hypoxia/reoxygenation conditions is not
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Figure 1. Reduction of Keapl protein in response to hypoxia/reoxygenation. LNCap (panel A), 1170i (panel B), and A549 (panel C)
cells were exposed to 4 h of hypoxia and reoxygenated for 0, 0.5, 2, 6 or 24 h. Nuclear and cytosolic protein extracts were prepared from each
cell line and subjected to Western blot analysis with an anti-Nrf2 and an anti-Keapl antibody, respectively. Lamin B is a loading control for
nuclear fraction, and B-actin is a loading control for cytosolic fraction. Total RNA was isolated from and RT-PCR was performed using the
primer pairs specific for the human keapl mRNA. f-actin gene was analyzed as a control.




unique to LNCaP cells. Similar results were obtained in the A549 and 1170i cells (Figure 1B
and 1C). When A549 and 1170i cells were re-oxygenated for a longer period of time, i.e., 6 h or
24 h, an additional increase of Nrf2 was noted. This is likely due to the de novo synthesis of
Nrf2. Nrf2 itself was shown to contain an EpRE-like element in its promoter (2).

Reduced Keapl protein, however, was not due to reduced mRNA. Comparable levels of Keapl
MRNA were observed in control and hypoxic cells, suggesting an increased degradation of
Keapl during reoxygenation. Consistent with this interpretation, not only a constitutive elevation
of Nrf2 protein (Figure 2A) but also an increased accumulation of prxl mRNA and protein
(Figure 2B) was found in Keapl -/- MEF cells.

A B Figure 2. Effect of Keapl knock-out on nuclear accumulation of Nrf2
Keapi Keap1 and Prx1 expression. Panel A. Equal amounts of cytoplasmic and nuclear
[ protein from Keapl+/+ and Keapl-/- MEF cells were subjected to Western blot
e R e Al analysis using an anti-Nrf2 or anti-Keap1 antibody. Western blots of -actin and
== Nrf2 [ =] —=Pna lamin B were carried out as the loading control for cytoplasmic and nuclear
— Keap1 El -~ p-actin protein, respectively. Panel B. Total protein extract from Keapl+/+ or -/- cells
was subjected to Western blot using an antibody specific to Prx1. B-actin was
l:l —= p-actin [ — — RNy used as a loading control. Total RNA from Keap1+/+ or -/- cells were subjected
El = Lamin B = — gactin 10 RT-PCR analysis using primer pairs specific to the mouse prx1. Mouse £
actin gene was analyzed as a control.

These results, together with those reported in the last funding period led to a publication in
Cancer Research (3) (also see Appendix 1).

Plans

We plan to determine whether the increased Nrf2 binding to EpRE elements contributes to the
increased Prx1 levels in highly metastatic human prostate cancer cells. We will compare Nrf2
binding activities in LNCaP vs. LN3 and PC3 vs. PC3M cells using EMSA and supershift assays.
To cross-validate the EMSA/supershift assays, we will compare prx1l promoter activities in
LNCaP vs. LN3 and PC3 vs. PC3M cells. Various promoter reporter constructs we have
generated will be used to this end. Since Nrf2 activity is primarily determined by the
accumulation of stabilized Nrf2 in the nucleus, we also plan will to investigate the subcellular
distribution and nuclear accumulation of Nrf2 in LNCaP vs. LN3 and PC3 vs. PC3M cells by
Western blot analysis using cytosolic and nuclear fractions of the cells. These experiments will
provide insight into the role of prx1-EpREs and Nrf2 in constitutive elevation of Prx1 in highly
metastatic prostate cancer cells. A direct comparison of two isogenic pairs of prostate cancer
cell lines will also provide a clue as to whether there exist shared mechanisms in different
subsets of prostate cancer cells. Selenium has previously been shown to down-regulate AR in
prostate cancer cells (4, 5). A recent collaborative study with Drs. Ip and Rustum at our Institute
suggest a possibility that the anticancer action of selenium may also in part be mediated by
suppressing the Nrf2-Prx1 pathway (also see Appendix 2). We plan to seek additional funding
to pursue this intriguing possibility.

Task 2. To investigate the molecular mechanisms by which Prx1 regulates hypoxia-
mediated PSA expression and AR activation in prostate cancer cells (Months 1-36)

Although hypoxia is accepted as an important microenvironmental factor influencing tumor
progression and treatment response, it is regarded usually as a static global phenomenon.
Consequently, less attention is given to the impact of dynamic changes in tumor oxygenation in
regulating the behavior of cancer cells. AR signaling plays a critical role in prostate cancer. We
reported previously that hypoxia/reoxygenation, an in vitro condition used to mimic an unstable



oxygenation climate in a tumor, stimulates AR activation (6). Results obtained from our study
during the current funding period, we demonstrated that Prx1 acts as a key mediator in this
process. Our results also show that Prx1 is capable of sensitizing a ligand-stimulated AR. Our
research accomplishment for Task2 during the current period is described below.

Expression of Prx1 is elevated in the LNCaP derivatives, LN3, C4-2, and C4-2B cell lines

The LNCaP-lineage progression cell models, LN3, C4-2, and C4-2B, are less sensitive to
androgen, and display an increased metastatic potential compared to the parental cells. Unlike
LNCaP, all three are able to grow in a castrated host. Since Prx1 has been suggested to confer
an aggressive survival phenotype, we postulated that Prx1 might influence AR activity and
promote the malignant progression of prostate cancer. As a first step to test this hypothesis, we
examined Prx1 expression in LN3, C4-2, and C4-2B cells. Our results revealed that Prx1
expression was increased in all three progeny cell lines compared to the parental LNCaP cells.
The elevated expression of Prx1 appears to be controlled at the level of message abundance.
We next examined whether elevated levels of Prx1 might influence AR activation by
hypoxia/reoxygenation. LNCaP and LN3 cells were exposed to 4 h of hypoxia, and the
androgen responsive element (ARE)-binding activities of AR were examined at 0, 0.5, 2 or 6 h
during reoxygenation. As shown in Figure 3A, although the AR stimulatory effect of
hypoxia/reoxygenation was observed in both LNCaP and LN3 cells, the degree of AR
stimulation by hypoxia/reoxygenation was greater in LN3 than in LNCaP cells. The ARE-
binding activity of AR reached a maximum at 2 h during reoxygenation for both cell lines. Since
PSA is one of the best-characterized AR target genes, PSA mRNA accumulation was compared
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Figure 3. Effect of hypoxia/reoxygenation on AR-ARE binding activity and AR trans-activation. A, LNCaP or LN3 cells were exposed
to 4 h of hypoxia, and EMSA was performed at the indicated times during reoxygenation. The ARE-containing oligonucleotides (Santa Cruz
Biotechnology) radiolabeled with y-**P ATP (MP Biomedicals, Irvine, CA) were used as a probe. The location of AR-ARE complexes is indicated
by an arrow. To confirm the specificity of the AR-ARE binding, molar excess of the unlabeled ARE was used as a competitor. B, LNCaP or LN3
were exposed to 4 h of hypoxia, and RT-PCR analysis was carried out using a PCR primer pair specific for the human PSA gene. p-actin gene was
amplified as a control. C, LNCaP or LN3 were exposed to 4 h of hypoxia, and Western blot analysis was carried out using an anti-AR antibody
(Santa Cruz Biotechnology) as a probe. B-Actin antibody was used as a loading control. D, Upper panel: LNCaP, LN3, C4-2 or C4-2B cells were
transfected with an ARE-luciferase construct. The pRL-TK vector containing the Renilla luciferase gene was co-transfected to normalize the
transfection efficiency. At 24 h after transfection, cells were treated with 4 h hypoxia/6 h reoxygenation, and luciferase activity was determined.
Normalized mean luciferase activity obtained from cells transfected with ARE-luciferase without hypoxia exposure was set at 1.0. The data is
presented as the ratio of the normalized luciferase activities. **P < 0.01, compared with the respective non-hypoxia treated control. *P < 0.05,
compared with hypoxia treated LNCaP. Lower panel: Western blot analysis was performed using an anti-AR antibody as a probe. B-Actin antibody
was used as a loading control.




between LNCaP and LN3 cell lines using semi-quantitative RT-PCR. Consistent with the
greater ARE-binding activity, the accumulation of PSA mRNA by hypoxia/reoxygenation was
more pronounced in LN3 than in LNCaP cells (Figure 3B). Increased PSA mRNA accumulation
was not due to increased AR protein level. No appreciable change in AR protein level was
observed by hypoxia/reoxygenation (Figure 3C). Activated AR trans-activates its target genes
by binding to the ARE-containing promoter region. LNCaP, LN3, C4-2, and C4-2B cells were
transfected with an ARE-luciferase construct, and luciferase reporter activities were determined
as a measure of AR trans-activation by hypoxia/reoxygenation. Our results demonstrated that
increases of luciferase activity by hypoxia/reoxygenation were significantly higher in LN3, C4-2
and C4-2B when compared to that seen in LNCaP cells (Figure 3D), although the increases of
luciferase activities were observed in all cell lines. The level of AR expression appeared to be
comparable among the four cell lines; hypoxia/reoxygenation did not change the AR protein
level.

Prx1increases AR trans-activation by hypoxia/reoxygenation

To test the role of Prx1 directly, Prx1 was introduced exogenously into LNCaP cells using an
adenoviral vector carrying the Prx1 gene (Ad.Prx1). As shown in Figure 4A, the ARE binding
activity of AR was increased in cells transfected with Prx1 compared to that in the Ad.Con-
infected control. Consistent with the enhanced ARE-binding activity, increased accumulation of
PSA mRNA was observed in LNCaP cells infected with Ad.Prx1. The effect of Prx1 on AR
trans-activation was also examined by transfecting an ARE-luciferase construct. As shown in
Figure 4B, a significant increase of the reporter activity was observed in the Prx1 over-
expressing cells, thus confirming that the enhanced AR activity by Prx1 is not limited to the PSA
gene. We next examined the effect of reducing endogenous Prx1 expression on AR activity.
To do this, LN3 cells were infected with a retroviral vector containing scramble-shRNA
(scramble) or Prx1-shRNA (shPrx1). As shown in Figure 4C, the level of Prx1 was markedly
reduced in shPrxl-infected cells, but not in scramble shRNA-infected cells. The Prx1
expression level of mock-infected LN3 cells is shown for comparison. When scramble- or
shPrx1l-infected cells were exposed to hypoxia/reoxygenation, the accumulation of PSA mRNA
was significantly reduced in shPrxl-infected cells. This result is consistent with the findings
from Prx1 over-expressing cells.
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Figure 4. Prx1 increases the AR stimulatory effect of hypoxia/reoxygenation. A, LNCaP or LN3 cells were exposed to 4 h of hypoxia, and
EMSA was performed at the indicated times during reoxygenation. The ARE-containing oligonucleotides (Santa Cruz Biotechnology) radiolabeled
with y-*P ATP (MP Biomedicals, Irvine, CA) were used as a probe. The location of AR-ARE complexes is indicated by an arrow. To confirm the
specificity of the AR-ARE binding, molar excess of the unlabeled ARE was used as a competitor. B, LNCaP or LN3 were exposed to 4 h of
hypoxia, and RT-PCR analysis was carried out using a PCR primer pair specific for the human PSA gene. p-actin gene was amplified as a control.
C, LNCaP or LN3 were exposed to 4 h of hypoxia, and Western blot analysis was carried out using an anti-AR antibody (Santa Cruz Biotechnology)
as a probe. B-Actin antibody was used as a loading control.




Prx1 increases ligand-stimulated AR trans-activation

To examine whether Prx1 regulates ligand-stimulated AR activity independent of
hypoxia/reoxygenation, LNCaP cells were switched to a charcoal-stripped FBS (CS-FBS)
medium to deplete residual androgens present in the regular FBS medium. Cells were exposed
to a CS-FBS medium supplemented with 10 nM of a synthetic androgen, R1881. It was shown
that prostate tissue contains approximately 10 nM of dihydrotestosterone (7). A dominant tissue
androgen in the prostate tissue is dihydrotestosterone. Our results show that Prx1 increased
the ARE-binding activity of a ligand-stimulated AR (Figure 5A). To test whether Prx1 sensitizes
AR to low levels of androgen, we exposed the cells to a lower concentration of R1881. We
chose to use 2 nM R1881 since prostate cancer tissues that recurred during androgen
deprivation therapy have been shown to contain approximately this level of dihydrotestosterone.
Our results revealed that Prx1 over-expression significantly increased the ARE reporter activity
at a sub-physiological level of R1881 (Figure 5B). The activity of the ARE-luciferase reporter at
10 nM R1881 is shown for comparison. To evaluate the effect of endogenous Prx1 knock-down
on ligand-stimulated AR activity, scramble- or shPrx1-infected LN3 cells were exposed to 10 nM
R1881. Our results clearly demonstrated that the accumulation of PSA mRNA was much lower
in shPrx1-infected cells compared to scramble-shRNA infected cells (Figure 5C).
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Figure 5. Prx1 enhances AR activation after exposure to synthetic androgen, R1881. A, Ad.Con- or Ad.Prx1-infected LNCaP cells grown
in a CS-FBS containing medium were treated with 10 nM of R1881 for 6 h. Nuclear extract was obtained, and EMSA was performed using ARE-
containing oligonucleotides as a probe. Western blot was carried out to monitor the expression levels of Prx1 at the time of experiment. B-Actin was
used as a loading control. B, Ad.Con- or Ad.Prx1-infected cells grown in a CS-FBS containing medium were transfected with the ARE-luciferase
construct. Cells were treated with 2 nM or 10 nM of R1881 for 6 h, and luciferase activities were determined. Normalized mean luciferase activity
obtained from Ad.Con-infected cells without R1881 stimulation was set at 1.0. Data is presented as the ratio of the normalized luciferase activities.
**p < 0,01, compared with un-stimulated Ad.Con sample. * P < 0.01, compared with 2 nM R1881 stimulated Ad.Con sample. C, Scramble- or
shPrx1-infected LN3 cells grown in a CS-FBS medium were treated with 10 nM of R1881 for 6 h. Total RNA was isolated and RT-PCR analysis was
performed to analyze the levels of PSA mRNA accumulation. Western blot analysis was carried out to monitor the expression levels of Prx1 in
scramble- or shPrx1-infected cells at the time of experiment.

The AR stimulatory function of Prx1 is independent of its antioxidant activity

The ability of Prx1 to sensitize a ligand-stimulated AR indicated that the antioxidant activity of
Prx1 may not be necessary for its AR stimulatory function in response to hypoxia/reoxygenation.
When we examined the oxidation status of Prx1 in LNCaP and LN3 cells, we found that the
active site Cys* residue in Prx1 was oxidized and inactivated by hypoxia/reoxygenation. Figure
6A shows the 2D Western blots of LN3 cells analyzed after 2 h of reoxygenation when the ARE-
binding activity of AR was maximal based on EMSA results. Oxidation of Prx1 resulted in an
acidic shift of the 2D Western blot when probed with a Prx1 antibody (upper panel). Oxidation
of the active site Cys®*-SH to Cys®*-SO,3H was further confirmed by using a Prx SOg;sH
antibody which specifically recognizes the oxidized Cys®? (lower panel). The oxidation status of
Prx1 was maintained at least after 6 h to 8 h during reoxygenation (data not shown). To test the
effectiveness of an antioxidant activity-null Prx1 in modifying AR function, LNCaP cells were
transfected with a plasmid containing a mutant Prx1 generated by replacing the catalytic site



Cys*?with Ser®? (pCR C52S). As shown in Figure 6B, regardless of whether the wild type Prx1
(PCR Prx1IWT) or the mutant Prx1 was over-expressed, the ARE-luciferase activity was
consistently increased. The effect of hypoxia/reoxygenation on AR activity in mock-transfected
cells with an empty plasmid (pCR3.1) is shown for comparison. The enhancement of AR
activity in mutant Prx1 over-expressing cells was comparable to that seen in wild type Prx1
over-expressing cells. This result clearly demonstrated that the antioxidant activity of Prx1 is
not essential for the AR stimulatory function of Prx1.
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Figure 6. The antioxidant activity of Prx1 is not essential for AR trans-activation by hypoxia/reoxygenation. A, LN3 cells were treated
with 4 h hypoxia/2 h rexoxygenation. The oxidation status of Prx1 was analyzed by 2-dimensional gel electrophoresis followed by Western blot using
a Prx1 antibody (upper panel). The Prx1 antibody recognizes both oxidized (Ox) and reduced (Re) forms of Prx1. Note the acidic shift of oxidized
Prx1 after hypoxia/reoxygenation. Oxidation status of the active site Cys® was evaluated using Prx-SO,sH antibody (lower panel). B, Upper panel:
LNCaP cells were transfected with pCR vectors containing wild type Prx1 (pCR Prx1WT) or mutant Prx1 lacking antioxidant activity ()CR C52S).
Empty vector (pCR3.1) was transfected as a negative control. At 24 h after transfection, cells were treated with 4 h hypoxia/6 h rexoxygenation.
Normalized mean luciferase activity obtained from cells without hypoxia exposure was set at 1.0. The data is presented as the ratio of the normalized
luciferase activities. **P < 0.01 compared with the respective non-hypoxia treated control. *P < 0.05, compared with hypoxia treated pCR3.1 sample.
Lower panel: Western blot analysis of Prx1 was carried out to monitor the levels of Prx1 expression after transfection. B-Actin was used as a loading
control.

Prx1 interacts with AR, and is recruited to the PSA promoter

Since accumulating evidence suggests that Prx1 interacts with various proteins to modulate
their activities (8-11), we tested whether Prx1 interacts with AR. Immunoprecipitation and
reciprocal immuneoprecipitation experiments were carried out using a Prx1 antibody or an AR
antibody in LN3 cells, these cells possess a relatively high level of endogenous Prx1. As shown
in Figure 7A, AR was co-precipitated with Prx1 after hypoxia/regoxygenation when a Prx1
antibody was used for immunoprecipitation. Similarly, Prx1 was co-precipitated with AR after
hypoxia/reoxygenation when an AR antibody was used for immunoprecipitation, indicating a
possible interaction of Prx1 and AR after hypoxia/reoxygenation. In order to examine whether
Prx1 is recruited to the androgen-responsive element (ARE) of the PSA promoter in the natural
chromatin milieu, chromatin immunoprecipitaion (ChlP) assays were carried out using a Prx1
antibody. To control for possible nonspecific interactions and DNA contamination, samples
precipitated with rabbit IgG were analyzed in parallel. As shown in Figure 7B, our results
demonstrated a recruitment of Prx1 to the ARE region in response to hypoxia/reoxygenation.
The results obtained from DNA that was PCR amplified from chromatin extracts before
immunoprecipitation (input) are shown for comparison. The specific recruitment of AR to the
same ARE region was also confirmed in cells treated with hypoxia/reoxygenation. Neither Prx1
nor AR was recruited to the non-specific region (intervening) that does not contain an ARE site.
No signal was detected in DNA samples obtained from the corresponding IgG samples. These
and related findings led to a publication on Cancer Research (7) (also see Appendix 3).
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Figure 7. Prx1 interacts with AR, and is recruited to the PSA promoter with AR. A, Upper panel: LN3 cells were treated with 4 h hypoxia/2
h reoxygenation. Equal amounts of protein were used for immunoprecipitation (IP) with a Prx1 antibody. The immunoprecipitates were probed for the
presence of AR by Western blot. Prx1 Western blot was performed as a loading control. Rabbit IgG immunoprecipiation was done as a negative
control.  Lower panel: Aliquots of protein were subjected to reciprocal immunoprecipitation using an AR or rabbit 1gG antibody. The
immunoprecipitates were probed for the presence of Prx1 by Western blot. AR Western blot was performed as a loading control. B, Upper panel:
LN3 cells treated with 4 h hypoxia/2 h reoxygenation were processed for ChIP assays using an anti-Prx1 antibody. Primer pairs used to amplify the
ARE containing region (ARE) and the non-ARE containing region (intervening) are described in the Materials and Method. The input lane shows
results obtained from DNA that was PCR amplified from chromatin extracts before immunoprecipitation. The rabbit 1gG lane shows PCR results
obtained after immunoprecipitation with rabbit 1gG. The gels shown are representative of three independent experiments. Lower panel: Aliquots of
samples were processed for ChIP assays using an anti-AR antibody. The ARE region and intervening regions were amplified with the respective primer
pairs.

-~ ARE

-l Intervening

We also crystallized the human Prx1 protein for the first time and revealed its three-dimensional
structure (12) (also see Appendix 4). Based on the results from a combination of mutagenesis,
biochemical, computer modeling, mass spectrometry, and x-ray crystallographic studies, we
demonstrated that the Cys® residue in Prx1 is critical for its structural and chaperone-like
properties.

Plans

The N terminal to C terminal dimerization of the AR is suggested to play an important role in AR
trans-activation. We plan to examine whether Prx1 levels affect the N-C interaction of the AR.
A mammalian two-hybrid system will be employed. This system consists of the N-terminus of
AR fused with VP16 (VP16-ARN) and the C-terminal hinge and ligand-binding domain of AR
fused with the GAL4-DBD (GAL-ARHLBD), and a pG5-luciferase reporter. This experiment will
provide information on the possible role for Prx1 on AR dimerization. Having uncovered the
importance of Cys® residue in molecular behaviors of Prx1, we plan to test whether or not a
Cys® to Ser® mutant protein (C83S) can interact with AR. These experiments will provide vital
biological and clinical information to unravel the functional significance of Prx1 in malignant
progression of human prostate cancer.

Task 3. To test the prognostic value of Prx1 in disease relapse and progression (Months
12-36)

We have established a database for a total of 249 patients who underwent curative surgical
resection. Study subjects were mostly white (232/249 = 93%) with median age at diagnosis 61
years (range 41-81). Diagnosis was between May 1987 and June 2002. Last follow-up date
was Dec 2002 with median patient follow-up of 69 months (range 1-162).

Immunohistochemical analysis of Prx1 in these tissue specimens is expected to be completed

within 2 months. In brief, tissue specimens were fixed in neutral buffered formalin (10% vol/vol
formalin in water; pH, 7.4) and embedded in paraffin wax. Serial sections of 4-um thickness
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were cut and mounted on charged glass slides (Superfrost Plus; Fisher Scientific, Rochester,
NY). IHC conditions for Prx1 were optimized and evaluated by two independent pathologists.
Sections were microwaved twice for 10 minutes in citrate buffer (pH 6.0) for antigen retrieval.
The sections were then treated with 3% hydrogen peroxide in methanol to quench the
endogenous peroxidase activity followed by incubation with 1% BSA to block the non-specific
binding. A rabbit polyclonal antibody against Prx1 (Lab Frontier, Korea) was used at dilutions of
1:2000. The avidin-biotin detection method was used on a Ventana Automated System
(Ventana Medical Systems, AZ). An irrelevant rabbit antiserum served as a negative control.
Prx1 immunoreactivity was observed in the cytosol and nucleus.

Plans

Research proposed is in good progress as originally planned. Each slide will be evaluated for
Prx1 using a semi-quantitative scoring system for both the intensity of the stain and the
percentage of positive malignant cells. The intensity of Prx1 will be coded as: 0, lower than the
adjacent normal-appearing prostatic epithelium; 1, similar to the adjacent prostatic epithelium; 2,
stronger than the adjacent prostatic epithelium. The percentage of cells displaying a stronger
staining intensity than the adjacent prostatic epithelium was scored as 1 (0% to 24% tumor cells
stained); 2 (25% to 49% tumor cells stained); 3 (50% to 74% tumor cells stained); 4 (75% to
100% tumor cells stained). Statistical analysis will be performed to evaluate the predictive value
of Prx1 on patient survival and PSA recurrence, and its correlations with various parameters
predictive of clinical outcomes. Having found the critical role of Nrf2 in Prx1 up-regulation, we
also plan to analyze Nrf2 as well as Prx1.

Key Research Accomplishments

Validated the functional significance of prx1-EpRE sites in prx1 regulation
Mutation analysis of prx1-EpRE sites and identified critical nucleotide sequences
Confirmed in vivo Nrf2 occupancy to prx1-EpRE by chromatin immunoprecipitation
Demonstrated the effect of Prx1 levels on PSA and AR-target gene expression
Demonstrated the effect of Prx1 levels on ARE-binding activity of AR

Purified human Prx1 and characterized its behavior at the molecular level
Crystallized human Prx1 and resolved 3-D structure

Demonstrated the effect of Prx1 levels on nuclear localization of AR

Establishd a detailed database of patient cohorts by medical chart review
Identified the human CaP tissue specimens that match with the database

VVVVVVVYVYYVY

Reportable Outcomes
The following four manuscripts resulted from this research.

Kim Y-J, Ahn J-Y, Liang P, Ip C, Zhang Y, and Park Y-M. Human prx1 gene is a target of Nrf2
and is up-regulated by hypoxia/reoxygenation: implication to tumor biology. Cancer Res,
67:546-554, 2007

Kim Y-J, Baek S-H, Bogner PN, Ip C, Rustum YM, Fakih MG, Ramnath N, and Park Y-M.
Targeting the Nrf2-Prx1 pathway with selenium to enhance the efficacy and selectivity of
cancer therapy. J Cancer Mol, 3(2): 37-43, 2007

Park S-Y, Yu X, Ip C, Mohler JL, Bogner PN and Park Y-M. Prx1l interact with androgen
receptor and enhances its trans-activation by hypoxia/reoxygenation. Cancer Res, in press,
2007
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Lee WS, Choi K-S, Riddell J, Ip C, Ghosh D, Park J-H, and Park Y-M. Human Prx1 and Prx2
are not duplicate proteins: The unique presence of Cys83 in Prx1 underscores the structural
and functional differences between Prx1 and Prx2. J of Biol Chem, 282(30): 22011-22022,
2007

Conclusions

Our research will provide vital new information in elucidating the molecular mechanisms by
which Prx1 promotes the aggressive phenotype of the prostate cancer cells and its malignant
progression. The information generated and the approaches we have taken in this study will
serve as a fundamental basis upon which the role of Prx1 can be elucidated in prostate cancer
and in other human malignancies, ultimately leading to the development of new
prognostic/therapeutic approaches. Nearly 30% of men who undergo radical prostatectomy for
localized prostate cancer have been reported to experience a biochemical recurrence.
Improved prognostic methods to predict the likelihood of recurrence will help both clinicians and
patients when making treatment decisions. Results obtained from Task 3 will provide
information applicable to the clinic for the rational decision of therapeutic options. Task 3 will
also cross validate the clinical relevance of the biological information to be obtained from Tasks
1 and 2.
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Abstract

Peroxiredoxin 1 (Prxl) has been found to be elevated in
several human cancers. The cell survival-enhancing function
of Prx1 is traditionally attributed to its reactive oxygen
species-removing capacity, although the growth-promoting
role of Prxl independent of this antioxidant activity is
increasingly gaining attention. Although much progress has
been made in understanding the behavior of Prxl1, little
information is available on the mechanism responsible for the
abnormal elevation of Prx1 level in cancer. We hypothesized
that the hypoxic and unstable oxygenation microenvironment
of a tumor might be crucial for prxI up-regulation. In this
study, we cloned the human prxI promoter and identified
nuclear factor (erythroid-derived 2)-related factor 2 (Nrf2) as
a key transcription factor. Hypoxia/reoxygenation, an in vitro
condition suited to mimic changes of oxygenation, increased
Nrf2 nuclear localization and its binding to the electrophile-
responsive elements located at the proximal (—536 to —528)
and distal (—1429 to —1421) regions of the prxl promoter.
A significant reduction of both steady-state and hypoxia/
reoxygenation-mediated prxI gene expression was shown in
Nrf2 knock-out cells. Our results indicated that decreased
Kelch-like ECH-associated protein, Keapl, might be an
important mechanism for the increased nuclear translocation
and activation of Nrf2 in response to hypoxia/reoxygenation.
A constitutive elevation of prxI mRNA and protein was
observed in Keapl knock-out cells. The above information
suggests that the Nrf2-Prx1 axis may be a fruitful target for
intervention with respect to inhibiting the malignant progres-
sion and/or reducing the treatment resistance of cancer cells.
[Cancer Res 2007:67(2):546-54]

Introduction

Peroxiredoxins (Prx) are thiol-specific antioxidant proteins. They
are found in mammals, yeast, and bacteria and are classified largely
on the basis of having either one (1-Cys) or two (2-Cys) conserved
cysteine residues (1). Prx1 is a major 2-Cys Prx family member.
It contains a cysteine at the catalytic site (Cys®®) and detoxifies
peroxides at the expense of Cys®> oxidation through intermolecular
disulfide formation with the other conserved Cys'” residue. The
disulfide bond is reduced back to the active thiol form, Cys-SH, by
various mechanisms (1, 2).

Despite the initial biochemical characterization of Prxl as a
peroxide-detoxifying enzyme, the physiologic significance of its
peroxidase activity is unclear because Prx1 is highly susceptible to
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inactivation by oxidative stress. Overoxidation of the Cys-SH to
Cys-sulfinic (-SO,H) or Cys-sulfonic acid (-SO3;H) has been reported
with various Prx family members during peroxide detoxification
(3). When the catalytic Cys®>-SH of Prxl is overoxidized, the
peroxidase activity is lost. Recent studies have suggested that
overoxidation of the active site Cys in itself may be physiologically
significant because it allows a mechanism of structural and
functional switching of the 2-Cys Prx from a peroxidase enzyme to
a molecular chaperone under stress conditions (4, 5). The wide
range of effects attributed to Prx1 (6-9) may in part be explained
by the physical interaction of Prx1 with growth regulatory proteins
to modulate their activities (10-12).

Elevated expression of Prx1 has been observed in several human
cancers (13-15), including lung cancer (16-18). We recently
reported that Prx1 suppresses radiation-induced c-/un-NH,-kinase
(JNK) signaling and apoptosis in lung cancer cells (19). The
peroxidase activity of Prx1, however, is not essential for inhibiting
JNK activation. The latter effect is mediated through the
association of Prx1 with the GSTpi-JNK complex, thereby prevent-
ing JNK release from the complex. The JNK inhibitory and
antiapoptotic activities of Prx1 suggest that lung cancer with high
Prx1 levels is likely to be resistant not only to radiation but also to
multiple anticancer agents targeting JNK and the associated apop-
totic pathways. Studies by Chen et al. (20) have recently shown the
role of Prx1 in radioresistance using human lung cancer xenograft
models. They observed a significant growth inhibition and radio-
sensitization, as well as reduced metastasis of lung cancer cells
stably transfected with antisense Prx1. These studies suggest that
Prx1, in addition to serving as a potential prognostic marker, may
also serve as a therapeutic target and/or a target for inhibiting
malignant tumor progression. Delineating the molecular basis of
prxI gene regulation is expected to provide valuable clues for the
development of new intervention strategies. Although much effort
has been devoted to the investigation of the various functions of
Prx1, virtually nothing is known about the molecular basis of
abnormal prxI gene regulation in cancer cells.

Hypoxia is one of the key factors influencing tumor growth and
progression (21, 22). Generally speaking, hypoxia is considered a
global phenomenon and is defined as an overall reduction in
oxygen availability or partial pressure below critical levels (23).
Tissue oxygenation within a tumor, however, is highly unstable and
heterogeneous as a consequence of the architectural and functional
abnormalities of the vascular network (24). Blood flow fluctuations
in the tumor microvasculature can lead to perfusion-limited
hypoxia in the tumor parenchyma (25, 26). In terms of the ultra-
structure, tumor vasculature has numerous “holes” or “openings”,
widened interendothelial junctions, and a discontinuous or absent
basement membrane (27, 28). Aberrant blood vessels can be shut
down locally at any time; the same defects can cause a reversal of
blood flow. In addition to the reopening of the temporarily closed
or blocked vessels, dynamic changes of hypoxia/reoxygenation may
also occur as a result of regional angiogenesis.

Cancer Res 2007; 67: (2). January 15, 2007
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Human prx1 Gene Is Up-regulated by Hypoxia/Reoxygenation via Nrf2

We hypothesized that the hypoxic and unstable oxygenation
milieu of a tumor may trigger the transactivation of the prxI gene
via redox-sensitive transcription factors and signaling molecules.
In this study, we cloned the human prxI upstream region and
identified the critical regulatory component of prxl gene expres-
sion. To mimic the dynamic changes of oxygenation, we treated
A549 lung cancer cells to transient hypoxia followed by reoxyge-
nation. We showed that prxl is a target gene of nuclear factor
(erythroid-derived 2) (NF-E2)-related factor 2 (Nrf2) and is up-
regulated by hypoxia/reoxygenation. We showed a specific binding
of Nrf2 to the electrophile-responsive element (EpRE) or antiox-
idant-responsive element located at the proximal (—536 to —528)
and distal (—1429 to —1421) regions of the prxI promoter. We
found that both steady-state prxl and hypoxia/reoxygenation-
induced prxl expression are severely compromised in mouse
embryonic fibroblast (MEF) cells lacking Nrf2. Lastly, our results
suggest that decreased Kelch-like ECH-associated protein (Keapl)
might be an important mechanism for the increased nuclear
translocation and activation of Nrf2 in response to hypoxia/
reoxygenation.

Materials and Methods

Cell culture. Human lung cancer A549 [American Type Culture
Collection (ATCC), Manassas, VA] and 1170i (29) cells were maintained in
RPMI 1640 supplemented with 10% (v/v) bovine calf serum, 100 units/mL
penicillin, and 100 pg/mL streptomycin. Human prostate cancer LNCaP
(ATCC) cells were grown in RPMI 1640 supplemented with 10% (v/v) fetal
bovine serum containing 2 mmol/L glutamine, 100 units/mL penicillin, and
100 pg/mL streptomycin. Wi-26 (ATCC) human embryonic epithelial cells,
wild-type and Nrf2 knock-out MEF (30), and Keapl knock-out MEF (30)
cells were maintained in DMEM with 10% (v/v) fetal bovine serum,
100 units/mL penicillin, and 100 pg/mL streptomycin. All cells were grown
at 37°C in an atmosphere of 5% CO, and 95% air.

Hypoxia treatment. Hypoxia treatment was done as reported previously
(31). Briefly, the culture medium was replaced with deoxygenated RPMI
1640 before hypoxia treatment at 37°C in a hypoxic chamber (Forma
Scientific, Marietta, OH). Deoxygenated medium was prepared before each
experiment by equilibrating the medium with a hypoxic gas mixture
containing 5% CO,, 85% N,, and 10% H, at 37°C. The oxygen concentration
in the hypoxic chamber and the exposure medium was maintained at
<0.05% and monitored by using an oxygen indicator (Forma Scientific).
All experiments were done at 70-80% confluency, and the medium pH was
maintained between 7.2 and 7.4 for the duration of hypoxia exposure.

Plasmid construction. A 2,100-bp fragment of the human prxi
promoter was isolated via PCR using the 5-atatgctagcCAGCCTCC-
CAAAGTGCTGGG-3" and 5-atatctcgagCGGAACGGACGGGGGTGCCG-3'
primer pairs and high-fidelity platinum Taq DNA polymerase with
proofreading capability (Invitrogen, Carlsbad, CA). A Xhol site was added
to the 3-primer, and a Nhel site was added to the 5-prxI primer. The PCR
product was digested with Nkel/Xhol, gel-isolated, and subcloned into the
pGL3-Basic (Promega, Madison, WI) upstream of the luciferase reporter,
and the construct was designated as pGL3-p2100 (—2,100/+1; +1 meaning
the transcription initiation site). A series of deletion constructs were
generated using pGL3-p2100 as a template. The information from various
promoter analysis programs, including TransFac,' was taken into consid-
eration when generating the deletion constructs. The sequences of the
PCR primers were p1500 forward, 5™-atatgctagcGTTGCCAGGCTGGAGTG-
CAG-3’; p1000 forward, 5-atatgctagcCCTCGTCTCTACTAAAAATA-3'; p700
forward, 5™-atatgctagcGCAAATAATTAATTATGATT-3; p500 forward,
5'-atatgctagc TAAGTTTAGGAGTCCTGATA-3"; p300 forward, 5™-atatgctageG-
CAGCTAAGACGCTTACTCC-3’; and p100 forward, 5-atatgctagcACGAGG-

* http://transfac.gbf.de/cgi-bin/matsearch.

GAAAGCGCCGAGTC-3. The same reverse primer, 5-atatctcgagCGGAAC-
GGACGGGGGTGCCG-3, was used to generate the deletion constructs.
The sequence accuracy of all constructs was confirmed by using an ABI
3700 capillary sequencer (Applied Biosystems, Foster City, CA).

Site-directed mutagenesis. Site-directed mutagenesis was done by
using the GeneTailor Site-Directed Mutagenesis kit (Invitrogen). To generate
mtEpREl (TGAATCAGC — GTAATCATA) and mtEpRE2 (TGCC-
TCAGC — GTCCTCATA), mtEpRE1, mtlF 5-GGAGAGGATGGTCGTGT-
AACGTAATCATACTCCCAAGAT-3" and mtlR 5-GTTACACGACCA-
TCCTCTCCCCGGATGAAT-3', mtEpRE2, mt2F 5-CCGGGTTCAAGC-
GATTCCCCGTCCTCATACTCCCAAGTA-3, and mt2R 5-GGGGAATCGC-
TTGAACCCGGAGGCAGAGGT-3" were used, respectively. For the construc-
tion of the double mutant, mtlmt2, mtEpRE1 was used as a template,
and site-directed mutagenesis was done using the mtEpRE2 primer pairs.
The constructs were verified by DNA sequencing in both directions.

RNA isolation and reverse transcription-PCR analysis. Total cellular
RNA was extracted with TRIzol Reagent (Invitrogen) according to the
manufacturer’s instructions. RNA concentration was determined by
measuring UV absorption, and samples with comparable A60/A250 ratios
were used for reverse transcription-PCR analysis. The sequences of the PCR
primer pairs used for the amplification of human prxI, keapl, and f-actin
were forward 5-ATGTCTTCAGGAAATGCTAAAAT-3" and reverse 5-TC-
ACTTCTGCTTGGAGAAATATTC-3; forward 5-CCTGTCCCACTGC-
CAACTGGTGAC-3" and reverse 5-CCTTGCAGCGGGAGTCGGACTGCA-3;
and forward 5-CAAGAGATGGCCACGGCTGCT-3' and reverse 5-TCCTTCT-
GCATCCTGTCGGCA-3, respectively. The sequences of the PCR primer
pairs used for the amplification of mouse prxl and f-actin were forward
5-GTCCCACGGAGATCATTGCTTTC-3" and reverse 5-CCCCTGAAAGAGA-
TACCTTCATC-3’; and forward 5-ACTTGCGCTCAGGAGGAGCAATG-3" and
reverse 5-GAGATGGCCACTGCCGCATCCTCTT-3, respectively. PCR was
carried out with a thermal cycler (Perkin-Elmer 9600, Boston, MA).
Amplification conditions were 25 cycles for prxI and f-actin, or 30 cycles
for keapl, of 30 s at 94°C, 30 s at 55°C, and 40 s at 72°C. The amplified
products were separated by electrophoresis on a 1.5% agarose gel, stained
with ethidium bromide, and photographed under UV illumination.

Transfection and reporter gene assay. Transient reporter gene assays
were done by standard transfection methods using 1.5 x 10" cells in 24-well
plates. Plasmid constructs (0.2 ug of reporter gene plasmid and 0.02 pg of
pRLTK normalizing vector) were transfected into cells by using Fugene 6
reagent (Roche, Branchburg, NJ) according to manufacturer’s instruction.
Twenty-four hours after transfection, cells were exposed to hypoxia or
treated with 20 pmol/L tert-butylhydroquinone (tBHQ), and luciferase
activities were measured by the luciferase assay system (Promega). Relative
luciferase activities were calculated by normalizing the Renilla luciferase
activity from the pRLTK plasmid. All transfection experiments were done in
triplicate and repeated at least thrice.

Nuclear extracts and electrophoretic mobility shift assay. Nuclear
lysates were prepared as described previously (31). Briefly, cells were
harvested, washed thrice with PBS, resuspended in a hypotonic buffer
[10 mmol/L HEPES-KOH (pH 7.9), 1.5 mmol/L MgCl,, 10 mmol/L KCl, and
0.1% NP40], and incubated on ice for 10 min. Nuclei were precipitated with
12,000 X g centrifugation for 10 min at 4°C. After washing once with the
hypotonic buffer, nuclei were lysed in a lysis buffer [50 mmol/L Tris-HCl
(pH 8.0), 150 mmol/L NaCl, and 1% Triton X-100], incubated on ice for
30 min, and precleared with 20,000 X g centrifugation for 15 min at 4°C.
For the electrophoretic mobility shift assay, 8 ug of nuclear protein extract
was incubated in 20 pL of a solution with 10 mmol/L HEPES (pH 7.9),
80 mmol/L NaCl, 10% glycerol, 1 mmol/L dithiothreitol, 1 mmol/L EDTA,
100 pg/mL poly(deoxyinosinic-deoxycytidylic acid), and radiolabeled double-
stranded oligonucleotide containing the EpRE elements present in the human
prxl promoter. EpRE-binding complexes were resolved on native 4.5% poly-
acrylamide gels in 0.25X Tris-borate-EDTA at 140 V for 1 h. Competition
experiments were done by adding 100-fold excess of unlabeled oligonucleo-
tides or nonspecific heat shock element (HSE) containing oligonucleotides.
For Nrf2 supershift experiments, nuclear protein extract was incubated with
the Nrf2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Rabbit immu-
noglobulin G (Santa Cruz Biotechnology) was used as the negative control.
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Chromatin immunoprecipitation assay. Chromatin immunoprecipi-
tation assays were carried out following the previously described procedure
with minor modifications (31). Briefly, formaldehyde was added directly to
cells before or after hypoxia/reoxygenation. The crosslinking process was
limited to <30 min because longer incubation with formaldehyde caused
cells to aggregate and prevented the efficient sonication of the chromatin.
After crosslinking, cells were lysed in buffer containing protease inhibitors.
Nuclei were isolated, and chromatin was sheared to an average length of
250 to 500 bp using sonication. The sheared chromatin was precleared with
salmon sperm DNA/protein A-sepharose and precipitated with an antibody
specific to Nrf2 (2 pg/mL; Santa Cruz Biotechnology). Rabbit immunoglob-
ulin G was used as a control to monitor nonspecific interactions. Immune
complexes were adsorbed onto salmon sperm DNA/protein A-sepharose
beads. After an extensive wash to reduce background, Ab/Nrf2/DNA
complexes were eluted. After precipitation, DNA was resuspended in water,
and PCR was carried out to amplify the EpRE1- or EpRE2-containing
regions in the prxI promoter gene. The following primer sequences were
used to amplify the two EpRE regions: EpREl, forward 5-GAGAG-
GATGGTCGTGTAACTG-3, reverse 5-CAGGGTTGCTGCTTTCTGTTG-3
and EpRE2, forward 5-TTGAGACGGAGTCTTGCTCTG-3, reverse 5-GTA-
GTCCTAGCTACTTGGGAG-3, respectively. The intervening region between
the EpRE1 and EpRE2 regions of the human prxI promoter was amplified
as a negative control by using a forward 5-GGATCACCTGAGGTCAGGCGT-
3’ and reverse 5-CACGCACCACCACGCCCAGCT-3’ primer pair. Triplicate
PCR reactions were conducted for each sample, and the experiments were
repeated at least thrice.

Western blot analysis. Cells were rinsed thrice with ice-cold PBS and
lysed in radioimmunoprecipitation assay buffer [50 mmol/L Tris-Cl (pH 7.4),
1% NP40, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L phenylmethylsul-
fonyl fluoride, 1 pg/mL each of aprotinin and leupeptin, and 1 mmol/L
NazVO,]. After centrifugation at 12,000 X g for 30 min, the supernatant was
collected, and protein concentration was determined by the Lowry method
(32). Equal amounts of protein were separated on 12% (for Prx1 and Keapl)
or 7.5% ( for Nrf2) SDS-PAGE gel and blotted onto nitrocellulose membranes.
The blots were incubated with anti-Prx1 (Lab Frontier, Seoul, Korea), anti-
Nrf2 (Santa Cruz Biotechnology) or anti-Keapl (Santa Cruz Biotechnology)
antibody. Antibody to p-actin (Sigma, St. Louis, MO) or Lamin B (Santa
Cruz Biotechnology) was used as a loading control. Immunoreactive
bands were detected with horseradish peroxidase-conjugated secondary
antibodies and enhanced chemiluminescence reagents (Amersham Bio-
sciences, Piscataway, NJ). The experiments were repeated at least thrice.

Immunocytochemistry. Cells seeded on coverslips in six-well plates were
allowed to grow for 24 h. After exposure to hypoxia or treatment with
20 umol/L tBHQ, the cells were washed with PBS, fixed in 4% paraformal-
dehyde for 30 min at room temperature, permeabilized with 1% Triron X-100
for 10 min, and blocked with 1% bovine serum albumin in PBS for 15 min.
The cells were then incubated with anti-Nrf2 antibody (Santa Cruz
Biotechnology) for 45 min, followed by incubation with FITC-conjugated
antirabbit secondary antibody (Molecular Probes, Eugene, OR) for 45 min. For
filamentous actin staining, cells were incubated with rhodamine-conjugated
phalloidin (Molecular Probes) for 10 min. The coverslips were mounted on
slides using Vectashield mounting medium containing 4’,6-diamidino-2-
phenylindole (Vector Laboratories, Burlingame, CA). Fluorescence images
were visualized with the Nikon Eclipse E600 inverted microscope.

Statistical analysis. Statistical significance was examined using
Student’s ¢ tests. The two-sample ¢ test was used for two-group
comparisons. Values were reported as means *+ SD. P values <0.05 were
considered significant and indicated by asterisks in the figures.

Results

Up-regulation of prx1 expression by hypoxia/reoxygenation
and multiple sequence alignment analysis of the prxI
upstream sequences. To test whether a hypoxic and unstable
oxygenation condition activates prxI gene expression, human lung
cancer A549 cells were exposed to 4 h of hypoxia, followed by
reoxygenation in a CO, incubator. Reverse transcription-PCR
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Figure 1. Up-regulation of prx71 expression by hypoxia/reoxygenation.

A, human lung cancer A549 cells were exposed to hypoxia for 4 h, followed
by reoxygenation for O, 2, 6, or 24 h. Total RNA was isolated, and reverse
transcription-PCR analysis was carried out using primer pairs specific for human
prx1 gene. f-actin gene was used as a control. B, protein extracted from cells
treated as above was subjected to Western blot analysis. Equal amounts of
protein (10 pg) were separated by SDS-PAGE and probed with an antibody
specific to Prx1. p-actin was used as a loading control. C, cells were exposed
to 4, 8, or 16 h of hypoxia, followed by 2 h of reoxygenation. Total RNA was
isolated, and reverse transcription-PCR was carried out using human prx1
primer pairs. fi-actin gene was used as a control.

analysis showed a significant up-regulation of prxl expression
during reoxygenation (Fig. 14). The accumulation of Prx1 protein
closely correlated with the mRNA level (Fig. 1B). Hypoxia treatment
alone, however, did not up-regulate prxI gene expression even
when the cells were treated with longer periods of hypoxia
(Fig. 1C). The effect of an unstable oxygenation condition on prxI
up-regulation was not unique to A549 cells. Similar responses were
observed in several other cancer cell models, including human lung
cancer 1170i and prostate cancer LNCaP cells (data not shown).
Increased prxI mRNA level was reproducibly observed in
reoxygenated cells regardless of the prior duration of hypoxia.
These results are consistent with the hypothesis that dynamic
changes of oxygenation of a tumor trigger the transcriptional
activation of prxI expression. The human prxl gene may not be a
target of hypoxia-inducible factor-lo. because hypoxia-inducible
factor-la binding to the hypoxia-responsive element is known to
increase during continuous exposure to hypoxia and to decline
immediately by oxygen replenishment (21).

Because no information is available on the transcriptional
regulation of the human prxl gene, we carried out a computer-
based sequence analysis of the mouse, rat, and human prxI
upstream sequences. About 5 kb genomic sequences upstream of
prxl were retrieved in Fasta format from the UCSC genome
browser.” Multiple sequence alignment analysis was done with a

® http:/genome.ucsc.edu.
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locally installed Clustal X (33) program in combination with MEME
(Multiple Em for Motif Elicitation; ref. 34), and CONREAL
(CONserved Regulatory Elements anchored ALignment; ref. 35)
programs. The computer-based sequence analysis revealed that the
5’ 2.1-kb segment upstream of the human prxI gene contains most
of the sequence conservation across the three mammalian species
(data not shown). No obvious hypoxia-inducible factor-la—
responsive element was found in these prxl upstream regions.

Cloning of the human prxI promoter and identification of
two EpRE sites as critical cis-elements for prxI up-regulation
in response to hypoxia. The 5 2.1-kb region upstream of the
human prxI gene was PCR cloned, and the luciferase reporter
vector, pGL3-2100, was generated. Genomic DNA from the Wi-26
human embryonic epithelial cells was used to avoid possible
mutations of the promoter region in cancer cells. A series of
deletion vectors were constructed as described in Materials and
Methods for the purpose of examining the transcriptional
activation of prx1. The pGL3-2100 reporter vector was transfected
into A549 cells, and the luciferase activities were analyzed at 0, 0.5,
2, 6, or 24 h during reoxygenation after 4 h of hypoxia treatment.
The luciferase activity was highest at 6 h of reoxygenation (data not
shown). This time point was chosen to study the promoter
activities of the deletion constructs. The importance of the 5
—1,500 to —1,000 and —700 to —500 regions to hypoxia/
reoxygenation-mediated prxI activation became evident from
the analysis. As shown in Fig. 24, a significant reduction of the
promoter activity was observed in cells transfected with pGL3-1000
and pGL3-500 when compared with the pGL3-2100 transfected cells.

An examination of these two regions with the use of various
promoter analysis programs, including TransFac, indicated that
both regions contain potential EpRE, also known as antioxidant-
responsive element. The consensus sequence of EpRE, 5-TGA-
CNNNGC-3, is a DNA-binding element of the transcription factor,
NF-E2-related factor 2, or Nrf2 (36). The proximal EpRE site is at
—536 to —528 (EpREL), and the distal site is at —1,429 to —1,421
(EpRE2; Fig. 2B). The conventional EpRE displays sequence
similarity to the activator protein 1 response element (5-TGAC/
GTCA-3'). One of the critical features of EpRE is the “GC” at the 3’
end of the EpRE core; this feature is met by prxI-EpRE1 and prxI-
EpRE2. Suffice it to note that EpRE1 and EpRE2 possess one
sequence mismatch in the fourth and third nucleotide, respectively.
Previous studies have also reported a correlation between prxI
mRNA accumulation and activation of Nrf2 (37).

To verify the significance of EpRE1 and EpRE2, EpRE1 mutant
(pGL3-mtEpRE1), EpRE2 mutant (pGL3-mtEpRE2), and the double
mutant (pGL3-mtlmt2) reporter vectors were constructed from
pGL3-p2100 (Fig. 2C). The mutations were designed to disrupt
the Nrf2 recognition sequences of EpREl1 and EpRE2. When
pGL3-mtEpRE1 was transfected, both steady-state and hypoxia/
reoxygenation-responsive reporter activities were completely lost.
When pGL3-mtEpRE2 was transfected, hypoxia/reoxygenation—
responsive promoter activity was significantly reduced, although
EpRE1 was intact, indicating that both EpRE1 and EpRE2 are
required for hypoxia/reoxygenation-mediated activation of prxI.
The fact that the steady-state promoter activity of pGL3-mtEpRE2
was comparable to that of pGL3-2100 suggests that EpRE1, but not
EpRE2, may be critical for baseline prxI expression.

EpRE-binding activity of Nrf2 is increased by hypoxia/
reoxygenation. The EpRE-binding activities were examined during
reoxygenation after 4 h of hypoxia treatment in A549 cells. As
shown in Fig. 34, increases of EpRE1- and EpRE2-binding activities

were observed as early as 0.5 h during reoxygenation upon
withdrawal from hypoxia. The EpRE-binding activities were specific
because the DNA-binding complexes became undetectable when
molar excess of the unlabeled competitor of the EpRE1- or EpRE2-
containing probe was added. The addition of HSE, a classic stress-
response element, did not inhibit EpRE-binding activities. The
binding activity of EpRE1 declined with time, in contrast to the
sustained activity of EpRE2. The reason for this difference is
unclear, although a possible role of the adjacent sequences of the
EpRE1- and EpRE2-containing probes and the profile of Nrf2
interaction with other nuclear factors may be responsible. When
nuclear extracts of A549 cells were incubated with the Nrf2
antibody, the disappearance of the EpRE-binding complexes was
clearly evident (Fig. 3B). To investigate the recruitment of Nrf2 to
the EpRE sites of the human prxI promoter in the natural
chromatin milieu, we did chromatin immunoprecipitation assays
on EpRE1 and EpRE2 with the Nrf2-specific antibody. To control
for possible nonspecific interactions and DNA contaminations,
samples precipitated with rabbit immunoglobulin G were included.
As shown in Fig. 3C, our results validated an increased occupancy
of Nrf2 in the EpRE1 and EpRE2 regions of the prxI promoter in
response to hypoxia/reoxygenation. The recruitment of Nrf2 to
these EpRE sites was specific because no signal was detected in the
immunoglobulin G control samples. We did not find an increase of
Nrf2 recruitment to the nonspecific intervening region located
between EpRE1 and EpRE2. The results obtained from DNA that
was PCR amplified from chromatin extracts before immunopre-
cipitation (input) are shown for comparison.

Increased nuclear localization and transactivation of Nrf2
by hypoxia/reoxygenation. To test whether the prxI promoter
is functional with other Nrf2 inducers, pGL3-2100 promoter
activities were examined in A549 cells treated with tBHQ. The
latter is one of the classic activators of Nrf2. As shown in Fig. 44,
treatment with 20 pmol/L tBHQ also increased the prxI promoter
activity. Immunofluorescence studies confirmed the increased
nuclear localization of Nrf2 in cells subjected to hypoxia/reoxyge-
nation or treated with tBHQ (Fig. 4B). Nrf2 localization was
examined by incubation with an anti-Nrf2 antibody; the location
and integrity of the nucleus was probed by 4',6-diamidino-2-
phenylindole staining of the same cells. Overlaying the Nrf2 and
4',6-diamidino-2-phenylindole images (cyan color) confirms the
nuclear localization of Nrf2. In control cells, low levels of Nrf2
expression were observed in the cytoplasm and the nucleus. The
Nrf2/filamentous actin overlay (orange color) images display the
cytoplasmic localization of Nrf2. Nuclear fractions were then
prepared, and as shown in Fig. 4C, there was significantly increased
Nrf2 accumulation in the nucleus as shown by Western blot analysis.
It should be noted that the Nrf2 band seemed at ~ 100 kDa, although
the expected MW is at 68 kDa. The occurrence of the higher
molecular mass of Nrf2 in Western blot analysis has been described
by others and is suggested to represent a Nrf2-actin complex (38).

An important role of Nrf2 in prxI transactivation was also shown
in Nrf2 knock-out cells. The accumulation of prxI mRNA was
significantly diminished in Nrf2 —/— cells when compared with
Nrf2 +/+ MEF cells (Fig. 4D). However, neither baseline nor
hypoxia/reoxygenation-responsive expression of prxi mRNA was
completely abolished in cells lacking Nrf2. It is conceivable that in
addition to Nrf2, various regulatory factors might be involved in
coordinating and relaying different cellular signals to the
transcriptional machinery of the prxI gene, as is true for other
genes involved in cell growth and survival regulation.

www.aacrjournals.org
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Keapl, an Nrf2 suppressor, is reduced by hypoxia/reoxyge-
nation. Keapl is known to suppress the nuclear accumulation of
Nrf2. Liberation of Nrf2 from Keapl has been suggested to stabilize
cytoplasmic Nrf2 and increase its nuclear translocation and
transactivation (39). Our results showed that hypoxia/reoxygena-
tion significantly reduced Keapl protein level in A549 cells
(Fig. 54). A detailed time course experiment revealed that the
decrease of Keapl occurred as early as 0.5 h of reoxygenation,
which was accompanied by the simultaneous increase of Nrf2
accumulation in the nuclear fractions. Keapl down-regulation
under hypoxia/reoxygenation conditions is not unique to A549
cells. Similar results were obtained in the 1170i and LNCaP cells.
When A549 and 1170i cells were reoxygenated for a longer period of
time, i.e., 6 or 24 h, an additional increase of Nrf2 was noted. This is
likely due to the de novo synthesis of Nrf2. Nrf2 itself was shown to

contain an EpRE-like element in its promoter (40). Reduced Keapl
protein, however, was not due to reduced mRNA. Comparable
levels of keapl mRNA were observed in control and hypoxic cells,
suggesting an increased degradation of Keapl during reoxygena-
tion. Consistent with this interpretation, not only a constitutive
elevation of Nrf2 protein (Fig. 5B) but also an increased
accumulation of prxI mRNA and protein (Fig. 5C) was found in
Keapl —/— MEF cells.

Discussion

Although hypoxia is generally accepted as an important micro-
environmental factor in influencing tumor progression and
treatment response, it is usually regarded as a static global
phenomenon. Consequently, much less attention is given to the
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Figure 2. Analysis of hypoxia/reoxygenation—responsive prx1 promoter activities. A, A549 cells were transfected with a series of prx1 promoter reporter vectors.
The pRLTK vector containing the Renilla luciferase gene was cotransfected to normalize the transfection efficiency. Twenty-four hours after transfection, cells

were exposed to hypoxia for 4 h, followed by reoxygenation for 6 h. The data are presented as the ratio of the normalized luciferase activities. The numbers on the
promoter vectors represent the positions starting from the transcription initiation site of the human prx7 gene (+1). *, P < 0.05; **, P < 0.01, compared with control
pGL3-2100 value. #, P < 0.05; *, P < 0.01, compared with pGL3-2100 reporter activity after hypoxia/reoxygenation. B, EpRE1 and EpRE2 sequences present in the
human prx1 promoter were compared with the conventional EpRE core sequences. The nucleotide sequence of EpRE1 or EpRE2 that differs from the core sequence is
underlined. C, the pGL3-mtEpRE1, pGL3-mtEpRE2, and the double mutant, pGL3-mt1mt2, were transfected into A549 cells together with the pRLTK normalizing
vector. Relative luciferase activities were analyzed as described in A. **, P < 0.01, compared with control pGL3-2100 value. **, P < 0.01, compared with pGL3-2100

reporter activity after hypoxia/reoxygenation.

Cancer Res 2007; 67: (2). January 15, 2007

550

www.aacrjournals.org



Human prx1 Gene Is Up-regulated by Hypoxia/Reoxygenation via Nrf2

AHypoxia - 4h 4h 4h 4h 4h 4h 4h 4h
Reoxy. = Oh 0.5h 2h 6h 0.5h 0.5h 0.5h 0.5h
Competitor - - - - - 20x 50x 100x -
HSE - = - - = - - - 100x
Y ‘”ML 1 d —= Nrf2-EpRE1
MUEENG . M| = ke
Hypoxia - 4h 4h 4h
Reoxy. - 0.5h 0.5h 0.5h
Anti-Nrf2 - - + -
Rabbitlgé - - - +
W EE| = Nri2-EpREY
u- W = wri2-EpRE2
C

IP: Nrf2 IP:IgG Input
Hypoxia - 4h - 4h - 4h
Reoxy. - 05h - 0.5h - 0.5h

—= EpRE1

— EpRE2

—=a [ntervening

Figure 3. Binding of Nrf2 to EpRE1 and EpRE2 in response to hypoxia/
reoxygenation. A, nuclear extracts were prepared from A549 cells immediately
after 4 h of hypoxia (0 h) or 0.5, 2, or 6 h during reoxygenation. The
electrophoretic mobility shift assay was done using radiolabeled EpRE1- or
EpRE2-containing oligonucleotides. Unlabeled EpRE1 or EpRE2 was used as
a specific competitor. Unlabeled heat shock responsive element (HSE) was
used as a nonspecific competitor. Representative results from three independent
experiments. B, nuclear extracts from cells treated with 4 h hypoxia/

0.5 h reoxygenation were incubated with an anti-Nrf2 antibody. The specificity
of Nrf2 binding to EpRE1 or EpRE2 was confirmed by using an antirabbit
immunoglobulin G as a negative control. Representative results from three
independent experiments. C, A549 cells treated with 4 h hypoxia/

0.5 h reoxygenation were processed for ChIP assays using the primer pairs
described in Materials and Methods. Input shows results obtained from DNA that
was PCR amplified from chromatin extracts before immunoprecipitation.

Rabbit immunoglobulin G lanes show PCR results obtained after
immunoprecipitation with rabbit immunoglobulin G. Gels are representative

of three independent experiments.

impact of the dynamic changes of tumor oxygenation in regulating
the behavior of cancer cells. Our results showed that human prxI is
up-regulated by hypoxia/reoxygenation, an in vitro condition that
is suited to mimic the hypoxic and unstable oxygenation milieu of a
tumor. We concluded that Nrf2 is one of the key transcription
factors for prxl gene expression. Increased nuclear localization and
transactivation of Nrf2 by hypoxia/reoxygenation was accompa-
nied by a reduced level of Keapl protein. Promoter cloning and
characterization revealed two EpRE sites located at —536 to —528
(EpRE1) and —1,429 to —1,421 (EpRE2) as the Nrf2-binding sites
responsible for both steady-state and hypoxia/reoxygenation—
responsive regulation of prxI expression.

Based on the above information, we propose that the elevated
expression of Prxl observed in various cancers (13-18) may be
explained in part by the activation of Nrf2 in response to the
hypoxic and unstable oxygenation microenvironment of a tumor.
The subpopulation of cells with elevated Prx1 may thus acquire an

aggressive survival advantage that contributes to the malignant
progression of cancer. Considering that Nrf2 is a major transcrip-
tion factor responsible for the activation of EpRE-mediated drug-
metabolizing/detoxifying genes (41), the impact of Nrf2 stimulation
may also extend to the emergence of treatment-resistant cancers.
Studies have suggested that the association of Nrf2 with Keapl in
response to electrophiles promotes Nrf2 degradation and prevents
it from translocating to the nucleus (42, 43). However, a number of
EpRE-dependent genes, including prxI, are constitutively expressed
by Nrf2. This implies the existence of activated Nrf2 in the nucleus;
the assumption is consistent with our immunocytochemistry
results showing the nuclear expression of Nrf2 in control cells.
How nuclear Nrf2 escapes Keapl repression and activates the
steady-state expression of its target genes is still an unresolved
question. The precise mechanism by which Keapl sequesters Nrf2
in the cytoplasm without causing its degradation is another
question that begs for an answer. Given the short half-life of Nrf2,
the purpose of its sequestration is also puzzling. An alternative role
of Keapl might be as a negative feedback regulator in returning
Nrf2, and thereby the expression of Nrf2 target genes, to steady-
state level after its activation (44). Such an event would have
entailed the repression of Nrf2 by Keapl only after Nrf2 exerts its
transcriptional activity in the nucleus.

Phosphorylation of Nrf2 by various kinases has been implicated
in its stabilization and nuclear localization and transactivation
(38, 45-47). For example, phosphorylation at Ser*® by PKC (46) may
disrupt Nrf2-Keapl interaction and Nrf2 degradation in response
to hypoxia/reoxygenation. The phosphoinositide-3-kinase pathway
has also been proposed to regulate Nrf2 through actin rearrange-
ment in response to oxidative stress (38). Various mitogen-
activated protein kinases may regulate Nrf2 either positively or
negatively depending on the signaling context of a particular EpRE-
containing gene (45). It seems that Nrf2 transactivation is
dependent on a number of regulatory mechanisms acting in
concert to increase or decrease the Nrf2 protein level and to
promote or suppress its stabilization and accumulation in the
nucleus. However, the exact target sites of phosphorylation and the
underlying mechanisms regulating Nrf2 stability and function have
yet to be delineated. Additionally, the interaction of Nrf2 with other
nuclear factors or components of the general transcriptional
machinery may also influence Nrf2 activity (48). These may explain
the variable levels of Prx1 expression observed in cancer cells and
tissues.

Keapl binds to the Neh2 domain of Nrf2 through the double
glycine repeat and the COOH-terminal region to assert its
repressive activity on Nrf2 (39, 49). Recent studies suggest a
possible role of genetic abnormalities in Keapl in eliminating or
reducing its association with Nrf2 as a way of increasing Nrf2
activity in lung cancer cells (49, 50). Padmanabhan et al. (49) found
the occurrence of glycine to cysteine mutations in the double
glycine repeat domain of Keapl in one lung cancer tissue (G430C,
G/G to T/G) and in two lung cancer cell lines (G364C, G/G to TT).
These mutations were found to alter the local conformation of
Keapl in the DC domain (double glycine repeat and COOH-
terminal region) and to result in a reduced affinity of Keapl to Nrf2.
Because the mutations in Keapl lead to a reduction, but not a
complete abolishment, of its interaction with Nrf2, it is possible
that the structural defects of Keapl may augment the functionality
of Nrf2 and give rise to a higher expression of prxI in response
to an unstable oxygenation condition. Singh et al. (50) did a
systematic analysis of the Keapl genomic locus and sequencing of
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Keapl gene in 12 lung cancer cell lines and 54 tumor tissues. They
showed that a mutation or an inactivation of Keapl is a frequent
event in lung cancer. Various mutations in Keapl gene were found
in 6 cell lines and 10 tumor tissues. Loss of heterozygosity was
detected in the genomic locus of Keapl (19q13.2) in 61% of the
cell lines and 41% of the tumor samples that were examined. These
findings led to a suggestion that the loss of function in Keap1 leads
to a constitutive activation of Nrf2 in lung cancer.

These recent findings are consistent with our results in Keapl —/—
MEEF cells in which we found not only an elevation of Nrf2 activity,
but also an increased accumulation of prxI mRNA and protein. It
is noteworthy, however, that not all cancer cell lines or tissues
exhibit the genetic abnormalities in Keapl. Singh et al. (50) indeed
noted an elevated Nrf2 activity in a number of tumor samples that
contain a wild-type Keapl gene, clearly suggesting that there are
other mechanisms operating in these tissues. Our results offer a
possible explanation that the decrease of Keapl in an unstable
oxygenation milieu of a tumor could serve as an important
mechanism for the increased activation of Nrf2 in cells that contain
a wild-type or a mutated but functional Keapl. The A549 cell line

was found to possess a G-T transversion in the fourth exon of Keapl.
This particular mutation, however, does not seem to affect the
function of Keapl in suppressing Nrf2 activation. Our results show
that Keapl suppresses an activation of Nrf2 in A549 cells as
effectively as in other cell lines that were examined. Decrease of
Keapl by hypoxia/reoxygenation consistently released Nrf2 from
Keapl and enhanced a nuclear localization and activation of Nrf2 in
several cell models including A549 (Figs. 4 and 5). The functional
significance of various Keapl mutations found in lung cancer cell
lines and tissues warrants future investigation.

Hypoxia has been proposed to function as a microenvironmental
pressure to select for a subset of cancer cells with an increased
ability to survive and proliferate. The activation of Nrf2 and the up-
regulation of prxl expression by changes of oxygenation are likely
to contribute to the malignant progression of cancer and to modify
the efficacy of chemo- and radiotherapies. The information
provided in the current study suggests that the Nrf2-Prxl axis
may serve as a fruitful target for cancer prognosis and therapy.
Identifying the key regulatory components and understanding the
molecular basis of prxI gene regulation by Nrf2 are critical to the
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Figure 4. Stabilization of Nrf2 in the nucleus by hypoxia/reoxygenation. A, pGL3-p2100 was transfected into A549 cells together with pRLTK. Twenty-four hours
after transfection, cells were treated with 4 h hypoxia/6 h reoxygenation or 20 uM tBHQ for 3 h. Luciferase activities were analyzed in cell extracts. **, P < 0.01,
compared with control pGL3-2100 value. B, A549 cells were treated with 4 h hypoxia/2 h reoxygenation or 20 pM tBHQ for 3 h. Immunocytochemistry was done using
an anti-Nrf2 antibody and FITC-conjugated secondary antibody. The location of the nuclei was visualized using 4’,6-diamidino-2-phenylindole (blue) counterstaining.
Filamentous actin was stained with rhodamine-conjugated phalloidin for cytoplasmic counterstaining. The 4’,6-diamidino-2-phenylindole and filamentous actin
images of the same field are shown separately or merged with the Nrf2 immunofluorescence images. C, equal amounts of nuclear protein (10 pg) from cells treated as
described in B were subjected to Western blot analysis using an anti-Nrf2 antibody. Analysis of lamin B expression was done as a loading control for nuclear fraction.
Representative results from three independent experiments are shown. D, Nrf2 +/+ and Nrf2 —/— MEF cells were exposed to 4 h of hypoxia, followed by 0, 2, 6, or
24 h of reoxygenation. Total RNA was isolated, and reverse transcription-PCR analysis was done by using primer pairs specific for the mouse prx1 gene. f-actin gene
was analyzed as a control. Representative results from three independent experiments are shown.
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development of intervention strategies. Future research will be
aimed at finding out whether Nrf2-Prx1 activation can be sup-
pressed by genetic and/or pharmacologic approaches, and whether
suppressing the Nrf2-Prx1 axis will inhibit the malignant progres-
sion or reverse treatment resistance in preclinical models. It would
be important to investigate whether the Nrf2-Prxl axis is
dysregulated in lung cancer and other malignancies, and whether
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Peroxiredoxin 1 (Prx1) is frequently elevated in human cancer. Although the cell
survival enhancing function of Prx1 has traditionally been attributed to its antioxidant
activity, the growth promoting role of Prx1 independent of its antioxidant activity is
increasingly gaining attention. Prx1 interacts with and modulates the activities of
growth regulatory proteins in a fashion favoring cell survival. The human prx71 pro-
moter was recently cloned and characterized. It was found that hy-
poxia/reoxygenation, an in vitro condition mimicking unstable oxygenation of a tumor,
up-regulates prx1 through the activation of NF-E2-related factor 2, also known as Nrf2.
Studies have shown that a Nrf2 suppressor Keap1 is often mutated in cancer cells re-
sulting in a constitutive activation of Nrf2. These findings suggest that both genetic
and microenvironmental abnormalities can contribute to the aberrant elevation of prx1
in a subset of cancer cells, conferring on them an aggressive survival phenotype.
Consistent with this hypothesis, elevated expression of Prx1 has been shown to
predict disease recurrence and poor clinical outcome, indicating that the Nrf2-Prx1
pathway may prove to be a fruitful new target to inhibit malignant progression and/or
reduce treatment resistance. Recent studies suggest that selenium is a highly
effective modulator of various therapeutic agents, and that the anti-cancer activity of
selenium may in part be mediated by suppressing the Nrf2-Prx1 pathway of a tumor.
Our current research focus aims at investigating how selenium modulation of the Nrf2-
Prx1 pathway may enhance the efficacy and selectivity of cancer therapy in both pre-
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clinical and clinical settings.

Journal of Cancer Molecules 3(2): 37-43, 2007.

Background

Peroxiredoxins (Prx”) are thiol-specific antioxidant pro-
teins. They are found in mammals, yeast and bacteria, and
are classified largely on the basis of having either one (1-
Cys) or two (2-Cys) conserved cysteine residues [1]. Prx1, a
major 2-Cys Prx family member, has been found to be ele-
vated in various human cancers [2-7]. Prx1 contains a cys-
teine at the catalytic site (Cys-52), and detoxifies peroxides
at the expense of Cys-52 oxidation through inter-molecular
disulfide formation with the other conserved Cys-173 residue.
The disulfide bond is reduced back to the active thiol form,
Cys-SH, by the action of the thioredoxin system. Despite the
initial biochemical characterization of Prx1 as a peroxide-
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Met, seleno-L-methionine; MSC, 5-methylselenocysteine.
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detoxifying enzyme, the physiological significance of its
peroxidase activity is unclear, since Prx1 is highly suscep-
tible to inactivation by reactive oxygen species (Figure 1).
Over-oxidation of the Cys-SH moiety to Cys-sulfinic (-SO,H)
or -sulfonic acid (-SO;H) has been reported with Prx family
members during peroxide detoxification [8,9]. When the
catalytic Cys-52-SH of Prx1 is over-oxidized, the peroxidase
activity is lost. Recent studies have suggested that over-
oxidation of the active site Cys in itself may be physiologi-
cally significant, because it allows for a mechanism of struc-
tural and functional switching of the 2-Cys Prx from a per-
oxidase enzyme to a molecular chaperone under stress con-
ditions [10,11]. The wide range of effects attributed to Prx1
[12-19] may in part be explained by the physical interaction
of Prx1 with growth and survival regulatory proteins to
modulate their activities. Kim et al. recently reported that
Prx1 suppresses radiation-induced JNK signaling and apop-
tosis [20]. The peroxidase activity of Prx1, however, is not
essential for inhibiting JNK activation. This effect is in part
mediated through the association of Prx1 with the GSTpi-
JNK complex, thereby preventing JNK release from the
complex. The JNK inhibitory and anti-apoptotic activities of
Prx1 suggest that cancer cells with high Prx1 levels are
likely to be resistant not only to radiation, but also to anti-
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Figure 1: Structure and function of Prx1. The active site Cys-52 becomes oxidized to a sulfenic acid (-SOH) during the peroxide catalysis cycle.
The Cys-52-SOH forms a transient inter-molecular disulfide bond with the Cys-173 of another Prx1 molecule and is reduced to Cys-52-SH by the
thioredoxin system. Alternatively, the Cys-52-SOH may undergo over-oxidation to Cys-52-SO,,H under stress conditions. While the over-
oxidation results in a loss of antioxidant activity, it may allow a mechanism for structural and functional switching of Prx1 from an antioxidant
enzyme to a molecular chaperone which assumes a decameric structure (adapted from Parsonage et al. [71]).

cancer agents targeting JNK and related apoptotic pathways.
Studies by Chen et al. [21] have demonstrated the role of
Prx1 in radio-resistance using human cancer xenograft
models. They observed significant growth inhibition, radio-
sensitization, as well as reduced metastasis in lung cancer
cells stably transfected with antisense Prx1. These studies
suggest that Prx1, in addition to its usefulness as a potential
diagnostic and/or prognostic marker, may also serve as a
therapeutic target.

Delineation of the molecular basis of prx1 gene regulation
is expected to provide valuable clues for the development of
new intervention strategies. Hypoxia is one of the critical
factors known to influence tumor progression and treatment
response [22-24]. It has been hypothesized that a hypoxic
tumor microenvironment may trigger trans-activation of the
prx1 gene via redox-sensitive transcription factors and sig-
naling molecules [25]. Generally speaking, hypoxia is re-
garded as a static global phenomenon and is defined as an
overall reduction in oxygen availability or partial pressure
below critical levels [26]. Tissue oxygenation within a tumor,
however, is highly unstable and heterogeneous as a conse-
quence of architectural and functional abnormalities in the
vascular network [27]. In ultra structural terms, tumor vas-
culature has numerous “holes” or “openings”, widened in-
ter-endothelial junctions, and a discontinuous or absent
basement membrane [22,28]. Aberrant blood vessels can be
shut down locally at any time; the same defects can cause a
reversal of blood flow. In addition to re-opening of tempo-
rarily closed/blocked vessels, dynamic changes in hy-
poxia/reoxygenation may also occur as a result of regional
angiogenesis. The resulting blood flow fluctuations in the
tumor microvasculature can lead to perfusion-limited hy-
poxia in tumor parenchyma [29-32].

38

A recent study showed that a hypoxic and unstable oxy-
genation climate might be crucial for the abnormal elevation
of Prx1 [25]. The in vitro condition of hypoxia/reoxygenation
was used to mimic dynamic oxygenation changes present in
the tumor microenvironment. This study demonstrated that
unstable oxygenation conditions lead to increased trans-
activation of NF-E2-related factor 2, also known as Nrf2,
which in turn up-regulates prx1 expression. The human prx1
promoter was cloned and characterized to identify the en-
hancer elements critical to mediate this response. The prx1
promoter was found to contain two specific binding sites for
Nrf2; the electrophile or antioxidant responsive elements
(EpRE/ARE) were located at the proximal (-536 to -528) and
distal (-1429 to -1421) regions of the prx71 promoter [25]. To
test whether the prx1 promoter is functional with other Nrf2
inducers, the activity of pGL3-2100 luciferase reporter plas-
mid containing the two EpRE regions of the prx1 gene was
examined in cells treated with tert-butylhydroquinone (tBHQ),
one of the classical activators of Nrf2. It was shown that
both unstable oxygenation conditions and tBHQ were capa-
ble of inducing nuclear translocalization of Nrf2, and thus
the activation of the prx1 promoter (Figure 2). The effect
of unstable oxygenation conditions on prx71 up-regulation
appears to be relevant in several cancer cell models, in-
cluding human lung cancer (A549 and 1170i), prostate can-
cer (LNCaP, PC3, and DU145), colon cancer (HCT116, HCT-8,
and HT-29), and breast cancer (MCF7) cell lines (data not
shown).

The information outlined above indicates that elevated ex-
pression of Prx1 in human cancer may in part be mediated
by the activation of Nrf2 underlined by unstable oxygenation
conditions. A sub-population of cells with elevated Prxi
may then acquire an aggressive survival advantage via vari-
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Figure 2: Activation of the human prx1 promoter by Nrf2 in response to hypoxia/reoxygenation. (A) A549 cells were exposed to hypoxia or
treated with 20 uM tBHQ. Nrf2 localization was examined by incubation with an anti-Nrf2 antibody; the location and integrity of the nucleus was
probed by DAPI staining of the same cells. Overlaying the Nrf2 and DAPI images (cyan color) confirms the nuclear localization of Nrf2. F-actin
was stained with rhodamine-conjugated phalloidin for cytoplasmic counter-staining. The DAPI and F-actin images of the same field are shown
separately or merged with the Nrf2 fluorescence images. (B) Samples of nuclear protein were subjected to Western blot analysis using an anti-
Nrf2 antibody. Lamin B was probed as a loading control for nuclear fraction. Representative results from three independent experiments are
shown. (C) The 2.1-Kb human prx1 promoter, pGL3-p2100, was transfected into A549 cells. Twenty-four hours after transfection, cells were
exposed to hypoxia or 20 uM tBHQ, and luciferase activities were determined. **P < 0.01, compared to the untreated pGL3-2100 value.

ous mechanisms influenced by Prx1. Nrf2 belongs to the
“Cap’n’Collar” family of basic region-leucine zipper (bZip)
transcription factors. The central role of Nrf2 in regulating
EpRE-mediated expression of antioxidant proteins and drug
metabolizing/detoxifying enzymes has been well docu-
mented [33-37]. The antioxidant proteins protect tissues
from chemical and physical oxidative damage, while the
detoxifying enzymes function to convert reactive electro-
philes and xenobiotics to less toxic and more readily excre-
table products. Nrf2-null mice, for example, exhibit severe
impairment in the basal expression or induction of several
drug-metabolizing enzymes [38]. Accordingly, tissues of
Nrf2-null mice are more susceptible to insult from xenobiot-
ics [39-42]. The inducibility of Nrf2-mediated antioxidant
gene expression is lost in Nrf2-deficient macrophages [43].
These studies suggest that Nrf2 is involved in the molecular
mechanisms of cellular protection against oxidative stress
and xenobiotic insult.

How is Nrf2 activation regulated? Previous work has
suggested that in an un-stimulated condition, the associa-
tion of Nrf2 with Kelch-like ECH-associated protein 1 (Keap1)
promotes Nrf2 degradation and prevents it from translocat-
ing into the nucleus [44,45]. Many Nrf2 activators are capa-
ble of modifying the thiol (-SH) of cysteine, thus leading to
the idea that the reactive Cys residues in Keap1 may func-
tion as a redox sensor [46]. As illustrated in Figure 3, the
oxidation/modification of these reactive Cys residues in re-
sponse to electrophile or oxidative stress may allow Nrf2 to
dissociate from Keap1 [45-47]. A recent study by Eggler et al.
[48], however, disagreed with this direct disruption model.
Based on results from a combination of chemical, mass
spectrometry, and isothermal titration calorimetry ap-
proaches, they suggested that the modification of Keap1 Cys
residues was insufficient to disturb the interaction of Nrf2

© 2007 MedUnion Press - http://www.mupnet.com

and Keap1, and proposed that other mechanisms might be
necessary to reduce the affinity of Keap1 for Nrf2. Phos-
phorylation of Nrf2 by various kinases has also been impli-
cated in its liberation from Keap1, with subsequent nuclear
localization and trans-activation function [49-52]. It appears
that the regulation of EpRE-mediated Nrf2 trans-activation is
subordinate to a number of control mechanisms acting in
concert to increase Nrf2 protein level and promote its accu-
mulation in the nucleus. Akt/protein kinase B (PKB) and
MAPKs (mitogen-activated protein kinases) have been
shown to regulate Nrf2 either positively or negatively de-
pending on the specific signaling context of a given EpRE
containing gene [49,50,53]. The molecular mechanisms
regulating the Nrf2-Prx1 axis are not clearly defined at the
present time.

Studies suggest that genetic abnormalities in Keap1 may
be involved in eliminating or reducing its association with
Nrf2, thus leading to constitutive activation of Nrf2 [54,55].
Glycine to cysteine mutations in the Nrf2-interacting domain
of Keap1 have been observed in lung cancer tissues (G430C,
G/G to T/G) and cell lines (G364C, G/G to T/T)[54]. These
mutations were found to alter the local conformation of
Keap1 and reduce the affinity of Keap1 for Nrf2. These find-
ings may not be exclusive with those of Kim et al. [25]
showing a down-regulation of Keap1 by  hy-
poxia/reoxygenation. Considering that the mutations in
Keap1 lead to a reduction, but not a complete abolishment,
of its affinity for Nrf2, it is possible that the structural defects
of Keap1 together with the decrease of Keap1 level may fur-
ther facilitate the nuclear translocation of Nrf2 and give rise
to higher expression of prx1 in response to unstable oxygen-
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Electrophilic or
Oxidative stress

Figure 3: Proposed scheme of the signal-
ing pathway for Nrf2 activation. Nrf2 se-
questered by Keap1 is subject to ubiquitin-
mediated degradation. Oxidative stress and
electrophiles modify the cysteine residues
of Keap1, resulting in the release of Nrf2.
Nrf2 binds to EpRE and forms a transcrip-
tion complex with small Maf and other nu-
clear factors to induce the expression of a
group of EpRE-containing genes [72,73].
Phosphorylation of Nrf2 by various kinases
has also been implicated in the liberation,
stability, and trans-activation of Nrf2,
although exact target sites and how phos-
phorylation regulates Nrf2 stability and
activation are not fully understood. {

ation conditions. Recently, Singh et al. [55] performed a
systematic analysis of the Keap1 genomic locus with se-
quencing of the Keap1 gene in several lung cancer cell lines
and 54 lung tumor tissues. They demonstrated that mutation
or inactivation of Keap1 was a frequent event in lung cancer.
Various mutations in the Keap1 gene were observed in sev-
eral lung cancer cell lines and tumor tissues. Loss of het-
erozygosity was detected at the genomic locus of Keapi
(19q13.2) in 61% of the cell lines and 41% of the tumor sam-
ples that were examined. These observations led to the
suggestion that loss of Keap function led to constitutive
activation of Nrf2 in lung cancer. It is noteworthy, however,
that not all cancer cell lines or tissues exhibit genetic ab-
normalities of Keap1. Elevated Nrf2 activity was found in a
number of lung tumor samples that contained the wild type
Keap1 gene [55], suggesting that there were other mecha-
nisms for Nrf2 activation in these tissues. It is possible that
the decrease of Keap1 in the unstable oxygenation milieu of
a tumor could also serve to increase the activation of Nrf2 in
cells that contain a wild type, or mutated but functional
Keap1. This interpretation is consistent with recent findings
showing that Keap1 decreases induced by hy-
poxia/reoxygenation consistently released Nrf2 from Keap1,
and enhanced nuclear localization and activation of Nrf2 in
several cell models [25]. Collectively, the above information
points to both genetic and environmental factors as con-
tributors to the aberrant elevation of Prx1 in cancer cells and
tissues. Future investigation is warranted to evaluate the
functional significance of various Keap1 mutations, and to
examine whether genetic abnormalities of Keap1 exist in
other human malignancies.

Clinical-translational advances

Park and co-workers investigated the significance of Prx1
and/or Nrf2 levels as prognostic factors in human cancer
[56]. Lung cancer is the leading cause of cancer death, with
the best chance of survival restricted to a subset of non-
small cell lung cancer (NSCLC) patients able to undergo
surgical resection. Unfortunately, however, the recurrence
rate of NSCLC after surgery remains high even in early stage
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patients, with few useful prognostic indicators [57]. The
majority of these relapses occur at distant sites away from
the primary tumor. This is probably due to early and occult
metastatic spread, undetected at the time of treatment and
initial staging [57]. It is likely that within a tumor the ability
of malignant cells to survive varies widely. Some of them
may possess a more aggressive survival phenotype and
progress to fatal disease, even when the disease is found at
a clinically favorable stage. Immunohistochemical expres-
sion of Prx1 and Nrf2 was evaluated in paraffin embedded
tissues from a total of 90 stage | lung cancer patients who
underwent surgical resection. Elevations in both Prx1 and
Nrf2 were detectable in nearly all cases, albeit at different
levels. Univariate and multivariate analysis unequivocally
demonstrated that a high level of Prx1 expression was sig-
nificantly associated with disease recurrence and shorter
overall survival. The study showed that the median recur-
rence-free survival (RFS) and overall survival (OS) for pa-
tients with a low level of Prx1 expression was significantly
better than for those with a high level of Prx1. Recent thera-
peutic efforts in early stage lung cancer have focused on
neoadjuvant and adjuvant chemotherapy to reduce the high
rate of systemic recurrence. The findings in this study sug-
gest that the Prx1 expression status may be of practical utili-
ty in selecting additional treatment options for early stage
lung cancer patients receiving surgical treatment.

The Nrf2 expression status was not found to be predictive
of clinical outcome in this series of patients. Although the
likelihood of expressing a high level of Prx1 in tumors con-
taining a high level of nuclear Nrf2 was 1.51 times greater
than in tumors with a low level of nuclear Nrf2 in this study,
the association between the expressions of Prx1 and Nrf2
did not reach statistical significance (P > 0.05)[56]. It is con-
ceivable that in addition to Nrf2, other transcription factors
may be involved in coordinating and relaying various cellular
signals to turn on/off the transcriptional machinery of the
prx1 gene, as is true for other genes involved in cell growth
and survival regulation. Although the Nrf2 expression status
was not associated with RFS or OS in early stage lung can-
cer, a possible role for Nrf2 in advanced and inoperable
NSCLC cannot be ruled out. One of the major factors con-
tributing to the failure of chemotherapy is the development
of drug resistance in cancer cells. Several studies have
shown that the expression of genes involved in xenobiotic
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Figure 4: Effect of selenium on the Nrf2-
Prx1 pathway in tumor vs. normal tissue.
The hypoxic and unstable oxygenation
milieu of a tumor makes redox-sensitive
effector molecules of the Nrf2-Prx1 pathway
vulnerable to modification by selenium,
thus suppressing Nrf2 activation and Prx1
expression, and enhancing the therapeutic
efficacy of anti-cancer agents. In contrast,
the reactive Cys moieties of the redox-
sensitive proteins are not susceptible to
thiol modification by selenium in a nor-
moxic condition. As a result, the Nrf2-Prx1
pathway may remain intact and protect
normal tissues against treatment-related
toxicity.

metabolism, oxidative stress defense, and drug efflux is
increased in lung cancer [58-61]. Considering the role of
Nrf2 in regulating a battery of genes that act to detoxify can-
cer drugs and/or attenuate drug-induced oxidative stress
[33,34,37], it is possible that Nrf2 may play a role in increas-
ing treatment resistance in advanced stage disease. Future
investigation will be necessary to evaluate the potential of
elevated Prx1 and/or Nrf2 levels in predicting response to
chemo- and radio-therapy in advanced lung cancer and other
malignancies.

Selenium has been widely investigated as an anti-cancer
agent, although most of the research was done under the
setting of cancer prevention. Recent in vivo studies showed
that selenium is a highly effective modulator of the therapeu-
tic efficacy and selectivity of anti-cancer drugs [62]. The
experimental design involved evaluating the cure rate of a
number of human tumor xenografts in nude mice which were
treated with selenium for 7 days before the first injection of
irinotecan. The selenium compounds investigated in this
study were seleno-L-methionine (Se-Met) and 5-
methylselenocysteine (MSC). The concentration used for
both selenium compounds was 200 pg/day. This dose of Se-
Met or MSC was non-toxic and well-tolerated in mice. In
mice given 200 pg of Se-Met or MSC daily for seven days, the
steady-state plasma selenium concentration was > 10 pM.
Irinotecan was given once a week for 4 weeks, and selenium
treatment was continued during this 4-week period. Four
different human tumor xenografts were examined: two head
and neck squamous cell carcinomas (FaDu and A253) and
two colon carcinomas (HCT-8 and HT-29). FaDu and HT-8
are sensitive to irinotecan, while A253 and HT-29 are resis-
tant. Without the pre-treatment of selenium (either Se-Met or
MSC), the cure rate was 30% and 20% for FaDu and HT-8
respectively, with the maximum tolerated dose (MTD) of iri-
notecan (100 mg/kg/week x 4). With selenium pre-treatment,
complete cure rate (100%) was achieved for both xenografts.
The same dose schedule of irinotecan was totally ineffective
against A253 and HT-29. The administration of a high dose
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of irinotecan (300 mg/kg/week x 4) was required to reach
100% and 50% cure rate for A253 and HT-29 xenografts re-
spectively, but only in the presence of selenium. The use of
such a high dose of irinotecan was made possible due to the
protection of normal tissues by selenium. Otherwise, this
high dose of irinotecan alone would have caused 100% mor-
tality. The selenium-mediated protection of the host against
drug toxicity was also observed with 5-fluorouracil, ox-
aliplatin, cisplatin, paclitaxel and doxorubicin [63]. Thus the
modulating effect of selenium appears not to be tumor
specific or drug specific. That the maximal therapeutic gain
is achieved when selenium is administered prior to drug
treatment suggests the importance of selenium “pre-
conditioning” in tumor sensitization and normal tissue pro-
tection.

These findings with selenium led us to investigate the ef-
fect of selenium treatment per se on the Nrf2-Prx1 pathway.
Tumor-bearing mice were treated with selenium for 7 days as
described previously [62]. The selenium compound used
was Se-Met (200 pg/day) in view of the fact that this form of
selenium was and is still being used in a number of human
intervention trials. We found that selenium was capable of
modulating Nrf2 activation differently in tumor vs. normal
tissue in pre-clinical models. Our study showed that seleni-
um suppressed Nrf2 activation and reduced the up-
regulation of prx1 in tumor tissues obtained from human
lung cancer A549 and colon cancer HT-29 xenografts (un-
published). The effect of selenium on the Nrf2-Prx1 pathway
appears to be quite significant in tumor tissue. Conversely,
increased expression of Prx1 and several other Nrf2 target
genes was observed in some normal tissues in the tumor-
bearing mice. It warrants future investigation to test whether
the effect observed is limited to a specific form of selenium
compound.

How might selenium preferentially suppress the Nrf2-Prx1
pathway of a tumor? We proposed that the inherently hy-
poxic and unstable oxygenation milieu of a tumor might be
one of the critical factors in this process. As proposed
originally by Ip and coworkers, the metabolism of either
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inorganic or organic selenium compounds to methylselenol
(CH;SeH) is an essential step for selenium to exert its anti-
cancer effect [64-66]. In the whole animal (and in human),
liver and kidney are the major organs for selenium metabo-
lism. Methylselenolate is an avid protein redox modulator.
At physiological pH, methylselenol is present as anionic
methylselenolate (CH;Se”). Depending on the redox poten-
tial of the immediate microenvironment of individual proteins,
methylselenolate appears to oxidize thiol groups to disul-
fides or reduce disulfides to thiol groups [67]. Previous
studies describing the redox modification of protein kinase
C and p53 by selenium and their resulting changes in activity
are supportive of this concept [68-70]. Using a display thiol
proteomics approach, it was demonstrated that monometh-
ylated selenium causes global protein thiol/disulfide inter-
change which may lead to alterations of protein function [67].
It is tempting to speculate that selenium may suppress the
Nrf2-Prx1 pathway directly by allowing the critical Cys resi-
dues of Keap1 to be protected from oxidation/modification in
the unstable oxygenation climate of a tumor, thereby in-
creasing the affinity of Keap1 for Nrf2 and promoting Nrf2
degradation (Figure 4). Selenium may also act indirectly by
modifying the redox status of critical signaling molecules,
and hence their activities, in favor of suppressing the Nrf2-
Prx1 pathway. The reactive Cys moieties of these redox-
sensitive signaling proteins may not be susceptible to modi-
fication by selenium under normoxic conditions. As a result,
the Nrf2-Prx1 pathway may be activated and protect normal
tissues against treatment-related toxicity in some normal
tissues. Our in vitro and in vivo studies appear to support
the notion that selenium suppresses the Nrf2-Prx1 axis ef-
fectively in tumor. Future research is focused on delineat-
ing/validating the molecular mechanisms of selenium action
in modulating the Nrf2-Prx1 pathway in tumor vs. normal
tissue, and developing ways to bring the new findings into
clinical practice. At our institute, phase | and phase Il clini-
cal trials are underway to evaluate the potential of using
selenium (Se-Met) in enhancing therapeutic efficacy and
selectivity.
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Abstract

Although hypoxia is accepted as an important microenvir-
onmental factor influencing tumor progression and treatment
response, it is usually regarded as a static global phenomenon.
Consequently, less attention is given to the impact of dynamic
changes in tumor oxygenation in regulating the behavior of
cancer cells. Androgen receptor (AR) signaling plays a critical
role in prostate cancer. We previously reported that hypoxia/
reoxygenation, an in vitro condition used to mimic an
unstable oxygenation climate in a tumor, stimulates AR
activation. In the present study, we showed that peroxiredoxin
1 (Prx1), a member of the peroxiredoxin protein family, acts as
a key mediator in this process. We found that the aggressive
LN3, C4-2, and C4-2B prostate cancer cell lines derived from
LNCaP possess constitutively elevated Prxl1 compared with
parental cells, and display greater AR activation in response to
hypoxia/reoxygenation. Although the cell survival-enhancing
property of Prxl has traditionally been attributed to its
antioxidant activity, the reactive oxygen species-scavenging
activity of Prx1 was not essential for AR stimulation because
Prx1 itself was oxidized and inactivated by hypoxia/reoxyge-
nation. Increased AR transactivation was observed when wild-
type Prx1 or mutant Prx1 (C52S) lacking antioxidant activity
was introduced into LNCaP cells. Reciprocal immunoprecip-
itation, chromatin immunoprecipitation, and in vitro pull-
down assays corroborated that Prx1 interacts with AR and
enhances its transactivation. We also show that Prx1 is
capable of sensitizing a ligand-stimulated AR. Based on the
above information, we suggest that disrupting the interaction
between Prx1 and AR may serve as a fruitful new target in the
management of prostate cancer. [Cancer Res 2007;67(19):1-10]

Introduction

Microenvironmental hypoxia develops during tumor growth, and
is known to influence cancer progression and treatment response.
Previous studies have shown a strong correlation between tumoral
pO, and tumor control and progression in patients with solid
tumors, including prostate cancer (1-6). Hypoxia is usually
considered a global phenomenon, defined as an overall reduced
oxygen availability or partial pressure below critical levels (7).
However, tumor vasculature is architecturally and functionally
abnormal (8, 9); the vessels are chaotic, tortuous, and highly
branched. Ultrastructurally, numerous “openings” (endothelial
fenestrations, vesicles, and transcellular holes), widened interendo-
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thelial junctions, and discontinuous or absent basement mem-
branes have been described. Aberrant blood vessels can be shut
down or reopened temporarily at any time, and the same defects
can cause reversal of blood flow. Consequently, local blood flow
and oxygenation within a tumor are not homogeneous; these
variables are changing dynamically (10, 11). Additionally, regional
angiogenesis may also contribute to local oxygenation changes.
Although hypoxia is generally accepted as an important micro-
environmental factor influencing the survival and proliferation of
cancer cells, little is known about the effect of dynamic
oxygenation changes on the behavior of cancer cells.

Prostate cancer is the most common noncutaneous cancer and
is the second leading cause of cancer death in men from the U.S.
(12). Androgen signaling via the androgen receptor (AR) plays a
critical role in the development, progression, and treatment
response of prostate cancer (13, 14). The binding of androgen to
AR causes a translocation of AR to the nucleus where AR activates
the expression of a battery of androgen-responsive genes (15).
Because prostate cancer arises in an androgen-stimulated envi-
ronment, androgen-deprivation therapy (ADT) is used to treat
advanced prostate cancer. Although initially effective in blocking
tumor growth, ADT eventually fails and results in a high rate of
relapse. Recurrent prostate cancer is commonly referred to as
“androgen-independent.” Despite this clinical androgen indepen-
dence, recurrent tumors continue to express AR and AR-regulated
genes. Immunohistochemical studies of both frozen and formalin-
fixed, paraffin-embedded tissues have shown similar levels of AR
expression in primary and recurrent cancer tissues (16-18).
Androgens were shown to be present in recurrent tumors at levels
that may be sufficient to activate AR (16). These findings suggest
that the state of “androgen-independence” may be somewhat of a
misnomer. Prostate cancer that recurs during ADT may continue to
depend on AR activity for survival and growth.

Studies with castrated rat, transgenic mouse and xenograft
models suggested that androgen deprivation itself generates a state
of hypoxia in the prostate tissue (19-21). Androgen deprivation has
been shown to cause endothelial cell death, degeneration of
capillaries, and vasoconstriction in the prostate. These findings
imply that an inherently hypoxic and unstable oxygenation climate
of a tumor might be further disturbed by androgen deprivation.
Recently, we investigated the effect of an unstable oxygenation
milieu on AR activity (22). Hypoxia/reoxygenation, an in vitro
condition used to mimic dynamic changes in tumor oxygenation,
was found to increase AR binding to the androgen-responsive
element (ARE), prostate-specific antigen (PSA) expression, and ARE
reporter gene activity. AR activation by hypoxia/reoxygenation was
also observed when AR was introduced exogenously into AR-null
prostate cancer cells. These findings provide evidence that the AR-
stimulatory effect of an unstable oxygenation climate is likely to
contribute to resistance to ADT, and the emergence of recurrent
prostate cancer.
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Peroxiredoxin 1 (Prx1) is a member of the redox-regulating
peroxiredoxin protein family. Prx1 has been shown to be elevated
in several cancers, and its ability to enhance the survival and
progression of cancer cells has been suggested (23-26). However,
no information is available on the possible role of Prx1 in prostate
cancer. Considering the effect of an unstable oxygenation condition
on AR activity, and the redox changes that are likely to be
exacerbated by ADT, we postulated that Prxl might modify the
activity of AR and influence the malignant progression of prostate
cancer. Several lineage-related cell models have been developed in
an attempt to delineate the molecular basis of prostate cancer
progression. The LNCaP human prostate cancer cell line has been
widely used because it is one of the limited androgen-sensitive cell
lines. LNCaP cells possess a functional AR, and secrete PSA in vitro
and in vivo. The C4-2 and C4-2B lines were established by Chung
and coworkers (27, 28), and LN3 was established by Pettaway and
coworkers (29) from LNCaP. The LN3 cell line was developed by
repeated lymph node metastasis of LNCaP cells grown orthotopi-
cally in the prostate gland of athymic mice. The C4-2 and C4-2B cell
lines were established by cocultivating LNCaP with stromal cells
in vivo and in vitro. The LN3, C4-2, and C4-2B cells are able to grow
in a castrated host, and display increased tumorigenic and meta-
static potential compared with the parental LNCaP cells (27-31).

In the present study, we found that Prx1 is elevated constitutively
in these aggressive LNCaP derivatives compared with the parental
cells. We therefore investigated whether Prxl plays a role in
regulating AR activation by hypoxia/reoxygenation. We provided
evidence that Prx1 directly interacts with AR and enhances its
transactivation in response to hypoxia/reoxygenation. To the best
of our knowledge, this is the first report showing the unique
function and regulatory mechanism of Prx1 in prostate cancer.

Materials and Methods

Cell culture. LNCaP and DU145 cells were obtained from the American
Type Culture Collection. C4-2 and C4-2B cells were provided by Dr. Leland
Chung (Emory University). LN3 and PC3-AR (which stably overexpresses the
full-length human AR) were provided by Dr. Curtis Pettaway (University of
Texas M.D. Anderson Cancer Center) and Dr. Shuyuan Yeh (University of
Rochester), respectively. All cells were cultured in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS), 2 mmol/L of glutamine, 100 units/mL of
penicillin, and 100 pg/mL of streptomycin at 37°C in an atmosphere of 5%
CO, and 95% air. In some experiments, cells were switched to a medium
containing charcoal-stripped FBS (CS-FBS; Hyclone) at 24 h prior to the
start of the experiment.

Hypoxia treatment. Culture medium was replaced with deoxygenated
RPMI 1640 before hypoxia treatment as reported previously (22). In brief,
deoxygenated medium was prepared prior to each experiment by
equilibrating the medium with a hypoxic gas mixture containing 5% COa,
85% N,, and 10% H, at 37°C. The oxygen concentration in the hypoxic
chamber and the exposure medium was maintained at <0.05%. Oxygen
concentration was monitored continuously using an oxygen indicator
(Forma Scientific). All experiments were done at 70% to 80% confluency at a
medium pH between 7.2 and 7.4.

Plasmid and adenoviral expression vectors. The pCR3.1 plasmids
containing wild-type Prx1 or mutant Prx1 (pCR C52S) lacking antioxidant
activity, and the construction of adenoviral vectors, Ad.Con, Ad.Prx1, and
Ad.C52S, were described previously (32). The adenoviral vectors were used
at a multiplicity of infection of 5.

Retroviral short hairpin RNA expression constructs and retroviral
infection. For the expression of short hairpin RNA (shRNA) targeting Prx1,
the pSilencer 5.1 system (Ambion) was used. Only one of the three target
sequences tested effectively knocked-down Prxl expression. Scrambled
sequences were designed to generate a scramble shRNA construct. Both

sequences were checked by searching the genome database (BLAST) to
ensure that they shared no significant sequence homology with other
human genes. The sequences of hairpin oligonucleotides targeting the
human PrxI gene that we chose to use were: 5-GATCCGTTCTCAC-
TTCTGTCATCTATTCAAGAGATAGATGACAGAAGTGAGAATTTTTTG-
GAAA-3" (top strand) and 5-AGCTTTTCCAAAAAATTCTCACTTCTGT-
CATCTATCTCTTGAATAGATGACAGAAGTGAGAACG-3" (bottom strand).
The scrambled sequences used were: 5-GATCCCGTTCTCCGAACGGTG-
CACGTTTCAAGAGAACGTGCACCGTTCGGAGAATTTTTTGGAAA-3" (top
strand) and 5-AGCTTTTCCAAAAAATTCTCCGAACGGTGCACGTTCTCTT-
GAAACGTGCACCGTTCGGAGAACGG-3" (bottom strand). Each pair of
oligonucleotides was annealed, and cloned into the pSilencer vector. The
sequence accuracy of the constructs was confirmed by using an ABI 3700
capillary sequencer (Applied Biosystems). Phoenix packaging cells were
transfected with Prxl- or scramble-shRNA expression vector using
LipofectAMINE 2000 reagents (Invitrogen). Culture supernatants were
collected 48 h after transfection and filtered. LN3 cells were infected with
the filtered Prx1- or scramble-shRNA viral preparations in the presence of
4 pg/mL of polybrene (Sigma). Fresh viral suspensions were added to the
cells every 8 h during the subsequent 48 h. Infected cells were selected in a
growth medium containing 2 pg/mL of puromycin for 10 days, and used for
experiments.

Cell growth assays. Cells were seeded at 2 X 10° per well in six-well
plates in the appropriate medium and allowed to grow for 24 h. Cells were
washed with PBS and switched to a phenol-free medium containing 2% CS-
FBS (Hyclone). Triplicate wells were counted on days 1, 2, 3, and 4 using a
hemocytometer.

Western blot analysis. Equal amounts of protein were analyzed in
duplicate by SDS-PAGE. Protein concentrations were measured by the
method of Lowry et al. (33). The following monoclonal antibodies were
used: anti-Prx1 (Lab Frontier), anti-Prx-SO,3H (Lab Frontier), anti-AR
(Upstate), and anti-P-actin (Sigma). Immunoreactive proteins were
detected with secondary antibody and visualized using an enhanced
chemiluminescence detection system (Amersham Bioscience).

Determination of Prxl oxidation status. Two-dimensional electro-
phoresis was carried out as described previously (32). Nonlinear gradient
strips (3-10 pH; Amersham Biosciences) were used for isoelectric focusing.
The immobilized pH gradient strips were then equilibrated in SDS buffer
and placed on top of a 12% SDS-PAGE gel. After migration, the gels were
transferred to nitrocellulose membrane and probed with anti-Prx1 (Lab
Frontier) or anti-Prx-SO,,3H (Lab Frontier) antibody to determine Prx1
oxidation status.

Transfection and luciferase assay. An aliquot of 3 X 10° cells was
placed in a six-well plate and transfected with DNA using Fugene 6 reagent
(Roche). The pSG5hAR expression vector was used to express AR (22). The
ARE reporter plasmid containing three repeats of the ARE was used to
assess the luciferase reporter as described previously (22). The total amount
of plasmid DNA was normalized to 1 pg/well by the addition of empty
plasmid. Luciferase activities were measured by using the Luciferase Assay
System (Promega), and normalized by protein concentration and transfec-
tion efficiency. All transfection experiments were done in triplicate wells
and experiments were repeated at least thrice.

Nuclear extract preparation and electromobility gel shift assay.
Nuclear extract was prepared as described previously (22). Cells were
harvested, washed twice with PBS, resuspended in a hypotonic buffer
[10 mmol/L HEPES-KOH (pH 7.9), 1.5 mmol/L MgCl,, 10 mmol/L KCl, and
0.1% NP40] and incubated on ice for 10 min. Nuclei were precipitated by
3,000 X g centrifugation for 10 min at 4°C. After washing once with the
hypotonic buffer, nuclei were lysed in a lysis buffer [50 mmol/L Tris-HCl
(pH 8.0), 150 mmol/L NaCl, and 1% Triton X-100], incubated on ice for
30 min and precleared by 20,000 X g centrifugation for 15 min at 4°C. For
electromobility gel shift assays (EMSA), 10 pg of nuclear protein extract was
incubated in 20 pL of a solution containing 10 mmol/L of HEPES (pH 7.9),
80 mmol/L of NaCl, 10% glycerol, 1 mmol/L of DTT, 1 mmol/L of EDTA,
100 pg/mL of poly(deoxyinosinic-deoxycytidylic acid), and radiolabeled
double-stranded oligonucleotide containing the AR consensus binding
motif 5-CTAGAAGTCTGGTACAGGGTGTTCTTTTTGCA-3' (Santa Cruz
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Biotechnology). ARE-binding complexes were resolved on a 4.5% non-
denaturing polyacrylamide gel containing 2.5% glycerol in 0.25X Tris-
borate/EDTA at room temperature, and the gels were autoradiographed.

RNA isolation and reverse transcription-PCR analysis. Total RNA was
isolated using TRIzol Reagent (Invitrogen), dissolved in DNase I buffer and
incubated for 15 min with RNase-free DNase I (20 units/mL) in the presence
of RNasin. RNA concentration was determined by UV absorption
measurement and samples with comparable Ajgp/Asgo ratios were used
for reverse transcription-PCR (RT-PCR) analysis. The PCR primer pair
sequences were: for PSA, forward 5-GGCAGGTGCTTGTAGCCTTCTC-3
and reverse 5-CACCCGAGCAGGTGCTTTTGC-3"; for prxl, forward
5-GTCCCACGGAGATCATTGCTTTC-3" and reverse 5-CCCCTGAAAGAGA-
TACCTTCATC-3’; and for p-actin, forward 5-GATCG TCTAGATTCCTATG-
TGGGCGACGA-3" and reverse 5-GATCGGAATTCCAGCGAACCGCTC
ATTG-3". PCR was carried out by using a thermal cycler (Perkin-Elmer
9600). The amplified products were separated by electrophoresis on a 1.5%
agarose gel, stained with ethidium bromide, and photographed under UV
illumination.

Immunoprecipitation assay. Immunoprecipitation was carried out
with 1 mg of cell lysate and 1 pg of anti-AR (Upstate) or anti-Prx1 (Lab
Frontier) antibody overnight at 4°C. After the addition of 25 uL of Protein
G-agarose (Santa Cruz Biotechnology), lysates were incubated for an
additional 4 h. Rabbit IgG (Santa Cruz Biotechnology) or mouse IgG (Santa
Cruz Biotechnology) was used as a negative control. The beads were washed
thrice with the lysis buffer, separated by SDS-PAGE, and immunoblotted
with AR or Prxl antibody. The protein bands were detected using an
enhanced chemiluminescence system (Amersham Biosciences).

Chromatin immunoprecipitation assay. Chromatin immunoprecipi-
tation (ChIP) assays were carried out following a procedure described
previously (22). After cross-linking with formaldehyde, cells were lysed in
buffer containing protease inhibitors. Nuclei were isolated and chromatin
was sheared to an average length of 250 to 500 bp using sonication. The
sheared chromatin was precleared with salmon sperm DNA/protein
A-Sepharose and precipitated with an antibody specific for AR (Upstate)
or Prxl (Lab Frontier). Rabbit IgG was used as a control to monitor
nonspecific interactions. Immune complexes were adsorbed onto salmon
sperm DNA/protein A-Sepharose beads. After an extensive wash to reduce
background, Ab/AR/DNA or Ab/Prx1/DNA complexes were eluted. After
precipitation, DNA was resuspended in water and PCR was carried out to
amplify the proximal ARE-containing region of the PSA promoter using a
forward 5-TCTGCCTTTGTCCCCTAGAT-3" and reverse 5-AACCTT-
CATTCCCCAGGACT-3" primer pair. The intervening region of the PSA
gene that does not contain ARE was amplified as a negative control using a
forward 5-CTGTGCTTGGAGTTTACCTGA-3" and reverse 5-GCA-
GAGGTTGCAGTGAGCC-3" primer pair. Triplicate PCR reactions were
conducted for each sample and experiments were repeated at least thrice.

Prx1 and AR pull-down assay. Recombinant human Prx1 and Prx1C52S
proteins were purified using sequential ion exchange chromatography and
size exclusion chromatography, and oxidized Prx1 was generated in vitro as
described previously (32). The pSG5hAR expression vector was used to
translate AR in vitro with the TNT Quick coupled transcription/translation
system (Promega). An in vitro pull-down assay was done as described
previously with minor modifications (32). In vitro-translated [**S]methio-
nine-labeled AR and 0.5 pg each of purified wild-type Prx1, Prx1C52S, or
oxidized Prxl were incubated in 20 mmol/L of Tris-Cl (pH 7.4) at 4°C
overnight. After 1 day, Prxl pull-down assays were carried out. The pull-
down proteins were separated by SDS-PAGE, and visualized by autoradio-
gram or Western blot.

Statistical analysis. Statistical significance was examined using
Student’s ¢ tests. The two-sample ¢ test was used for two-group
comparisons. Values were reported as means + SD. P < 0.05 was considered
significant.

Results

Expression of Prxl is elevated in the LNCaP derivatives,
LN3, C4-2, and C4-2B cell lines. The LNCaP-lineage progression

cell models, LN3, C4-2, and C4-2B, are less sensitive to androgen,
and display an increased metastatic potential compared with the
parental cells. Unlike LNCaP, all three are able to grow in a
castrated host. Because Prxl has been suggested to confer an
aggressive survival phenotype, we postulated that Prxl might
influence AR activity and promote the malignant progression of
prostate cancer. As a first step to test this hypothesis, we examined
Prx1 expression in LN3, C4-2, and C4-2B cells. As shown in Fig. 1,
our results revealed that Prx1 expression was increased in all three
progeny cell lines compared with the parental LNCaP cells. The
elevated expression of Prx1 seems to be controlled at the level of
message abundance.

AR stimulatory effect of hypoxia/reoxygenation is greater in
LN3, C4-2, and C4-2B than in parental LNCaP cells. We next
examined whether elevated levels of Prxl might influence AR
activation by hypoxia/reoxygenation. LNCaP and LN3 cells were
exposed to 4 h of hypoxia, and the ARE-binding activities of AR
were examined at 0, 0.5, 2, or 6 h during reoxygenation. As shown in
Fig. 24, although the AR stimulatory effect of hypoxia/reoxygena-
tion was observed in both LNCaP and LN3 cells, the degree of AR
stimulation by hypoxia/reoxygenation was greater in LN3 than in
LNCaP cells. The ARE-binding activity of AR reached a maximum
at 2 h during reoxygenation for both cell lines. Because PSA is one
of the best-characterized AR target genes, PSA mRNA accumula-
tion was compared between LNCaP and LN3 cell lines using
semiquantitative RT-PCR. Consistent with the greater ARE-binding
activity, the accumulation of PSA mRNA by hypoxia/reoxygenation
was more pronounced in LN3 than in LNCaP cells (Fig. 2B).
Increased PSA mRNA accumulation was not due to increased AR
protein level. No appreciable change in AR protein level was
observed by hypoxia/reoxygenation (Fig. 2C). Activated AR trans-
activates its target genes by binding to the ARE-containing
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Figure 1. Elevated levels of Prx1 expression in LNCaP lineage progression cell
models. A, equal amounts of protein extract from LNCaP, LN3, C4-2, and C4-2B
cells were separated on 12% SDS-PAGE. Western blot analysis was done
using an anti-Prx1 antibody as a probe. p-Actin (Sigma) was used as a loading
control. Blots representative of three independent experiments. B, RT-PCR
analysis of prx17 mRNA with PCR primer pairs specific for the human prx1 gene.
The p-actin gene was amplified as a control. Gels representative of three
independent experiments.
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Figure 2. Effect of hypoxia/reoxygenation on AR-ARE binding activity and AR transactivation. A, LNCaP or LN3 cells were exposed to 4 h of hypoxia, and EMSA
was done at the indicated times during reoxygenation. The ARE-containing oligonucleotides (Santa Cruz Biotechnology) radiolabeled with y->2P ATP (MP Biomedicals)
were used as a probe. Location of the AR-ARE complex (arrow). To confirm the specificity of the AR-ARE binding, a molar excess of the unlabeled ARE was

used as a competitor. B, LNCaP or LN3 were exposed to 4 h of hypoxia, and R

T-PCR analysis was carried out using a PCR primer pair specific for the human PSA

gene. The p-actin gene was amplified as a control. C, LNCaP or LN3 were exposed to 4 h of hypoxia, and Western blot analysis was carried out using an anti-AR

antibody (Santa Cruz Biotechnology) as a probe. p-Actin antibody was used as
ARE-luciferase construct (top). The pRL-TK vector containing the Renilla lucife|
transfection, cells were treated with 4 h hypoxia/6 h reoxygenation, and lucifera:

a loading control. D, LNCaP, LN3, C4-2, or C4-2B cells were transfected with an
rase gene was cotransfected to normalize the transfection efficiency. At 24 h after
se activity was determined. Normalized mean luciferase activity obtained from cells

transfected with ARE-luciferase without hypoxia exposure was set at 1.0. Columns, mean ratio of the normalized luciferase activities; bars, SD. **, P < 0.01,

compared with the respective non—hypoxia-treated control. #, P < 0.05, compar
antibody as a probe (bottom). p-Actin antibody was used as a loading control.

promoter region. LNCaP, LN3, C4-2, and C4-2B cells were trans-
fected with an ARE-luciferase construct, and luciferase reporter
activities were determined as a measure of AR transactivation by
hypoxia/reoxygenation. Our results showed that increases of
luciferase activity by hypoxia/reoxygenation were significantly
higher in LN3, C4-2, and C4-2B when compared with that seen in
LNCaP cells (Fig. 2D), although increases of luciferase activities
were observed in all cell lines. The level of AR expression seemed to
be comparable among the four cell lines; hypoxia/reoxygenation
did not change the AR protein level.

Prx1 increases AR transactivation by hypoxia/reoxygena-
tion. To test the role of Prxl directly, Prxl1 was introduced
exogenously into LNCaP cells using an adenoviral vector carrying
the Prxl gene (Ad.Prxl). As shown in Fig. 34, the ARE-binding
activity of AR was increased in cells transfected with Prx1
compared with that in the Ad.Con-infected control. Consistent
with the enhanced ARE-binding activity, increased accumulation of
PSA mRNA was observed in LNCaP cells infected with Ad.Prx1. The
effect of Prxl on AR transactivation was also examined by
transfecting an ARE-luciferase construct. As shown in Fig. 3B, a
significant increase of the reporter activity was observed in the
Prx1-overexpressing cells, thus confirming that the enhanced AR
activity by Prx1 was not limited to the PSA gene. We next examined
the effect of reducing endogenous Prx1 expression on AR activity.

ed with hypoxia-treated LNCaP. Western blot analysis was done using an anti-AR

To do this, LN3 cells were infected with a retroviral vector con-
taining scramble-shRNA (scramble) or Prx1-shRNA (shPrxl1). As
shown in Fig. 3C, the level of Prx1 was markedly reduced in shPrx1-
infected cells, but not in scramble shRNA-infected cells. The Prx1
expression level of mock-infected LN3 cells is shown for
comparison. When scramble- or shPrx1-infected cells were exposed
to hypoxia/reoxygenation, the accumulation of PSA mRNA was
significantly reduced in shPrxl-infected cells. This result is
consistent with the findings from Prxl-overexpressing cells. To
further validate the functional significance of Prx1 in increasing AR
activity, Prx1 was introduced into PC3-AR cells which stably
express the wild-type AR. As shown in Fig. 3D, Prx1 overexpression
increased the ARE-luciferase activity in response to hypoxia/
reoxygenation in PC3-AR cells. Essentially identical results
were obtained when Prx1 was overexpressed in the DU145 cells.
Because DU145 cells are AR-null, the ARE-luciferase construct
was cotransfected with the pSG5hAR vector containing the wild-
type AR.

Prx1 increases ligand-stimulated AR transactivation. To
examine whether Prxl regulates ligand-stimulated AR activity
independent of hypoxia/reoxygenation, LNCaP cells were switched
to a CS-FBS medium to deplete residual androgens present in the
regular FBS medium. Cells were exposed to a CS-FBS medium
supplemented with 10 nmol/L of a synthetic androgen, R1881. It
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was shown that prostate tissue contains ~ 10 nmol/L of dihydro-
testosterone (16). A dominant tissue androgen in the prostate
tissue is dihydrotestosterone. Our results show that Prx1 increased
the ARE-binding activity of a ligand-stimulated AR (Fig. 44). To
test whether Prx1 sensitizes AR to low levels of androgen, we
exposed the cells to a lower concentration of R1881. We chose to

use 2 nmol/L of R1881 because prostate cancer tissues that
recurred during ADT have been shown to contain approximately
this level of dihydrotestosterone (16). Our results revealed that Prx1
overexpression significantly increased the ARE reporter activity at a
subphysiologic level of R1881 (Fig. 4B). The activity of the ARE-
luciferase reporter at 10 nmol/L of R1881 is shown for comparison.

Figure 3. Prx1 increases the AR A
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To evaluate the effect of endogenous Prx1 knock-down on ligand-
stimulated AR activity, scramble- or shPrx1-infected LN3 cells were
exposed to 10 nmol/L of R1881. Our results clearly showed that the
accumulation of PSA mRNA was much lower in shPrx1-infected
cells compared with scramble-shRNA infected cells (Fig. 4C). Next,
we examined the consequence of Prx1 knock-down on the growth-
inhibitory effect of androgen deprivation. As shown in Fig. 4D,
when cells were grown in an androgen-depleted medium contain-
ing CS-FBS, the growth rate of shPrxl-infected cells was
significantly reduced compared with that of scramble shRNA-
infected cells, showing that the growth-inhibitory effect of
androgen deprivation is increased by Prx1 knock-down.

The AR stimulatory function of Prx1 is independent of its
antioxidant activity. The ability of Prxl to sensitize a ligand-
stimulated AR indicated that the antioxidant activity of Prx1 may
not be necessary for its AR stimulatory function in response to
hypoxia/reoxygenation. When we examined the oxidation status of
Prx1 in LNCaP and LN3 cells, we found that the active site CysS2
residue in Prxl was oxidized and inactivated by hypoxia/
reoxygenation. Figure 54 shows the two-dimensional Western
blots of LN3 cells analyzed after 2 h of reoxygenation when the
ARE-binding activity of AR was maximal based on EMSA results.
Oxidation of Prx1 resulted in an acidic shift of the two-dimensional

Western blot when probed with a Prx1 antibody (Zop). Oxidation of
the active site Cys®>-SH to Cys*>-80.,5H was further confirmed by
using a Prx SO,;3H antibody, which specifically recognizes the
oxidized Cys®* (bottom). The oxidation status of Prxl was
maintained at least 6 to 8 h after reoxygenation (data not shown).
To test the effectiveness of an antioxidant activity-null Prx1 in
modifying AR function, LNCaP cells were transfected with a
plasmid containing a mutant Prxl generated by replacing the
catalytic site Cys™® with Ser” (pCR C52S). As shown in Fig. 5B,
regardless of whether the wild-type Prxl (pCR Prx1WT) or the
mutant Prx1 was overexpressed, the ARE-luciferase activity was
consistently increased. The effect of hypoxia/reoxygenation on AR
activity in mock-transfected cells with an empty plasmid (pCR3.1)
is shown for comparison. The enhancement of AR activity in
mutant Prxl-overexpressing cells was comparable to that seen in
wild-type Prx1-overexpressing cells. This result clearly showed that
the antioxidant activity of Prxl was not essential for the AR-
stimulatory function of PrxI.

Prx1 interacts with AR, and is recruited to the PSA
promoter. Because accumulating evidence suggests that Prx1 inter-
acts with various proteins to modulate their activities (32, 34-36),
we tested whether Prx1 interacts with AR. Immunoprecipitation
and reciprocal immunoprecipitation experiments were carried out
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Figure 4. Prx1 enhances AR activation after exposure to synthetic androgen, R1881. A, Ad.Con- or Ad.Prx1-infected LNCaP cells grown in a CS-FBS containing
medium were treated with 10 nmol/L of R1881 for 6 h. Nuclear extract was obtained, and EMSA was done using ARE-containing oligonucleotides as a probe. Western
blot was carried out to monitor the expression levels of Prx1 at the time of experiment. 3-Actin was used as a loading control. B, Ad.Con- or Ad.Prx1-infected

cells grown in a CS-FBS—containing medium were transfected with the ARE-Iuciferase construct. Cells were treated with 2 or 10 nmol/L of R1881 for 6 h, and
luciferase activities were determined. Normalized mean luciferase activity obtained from Ad.Con-infected cells without R1881 stimulation was set at 1.0. Columns,
mean ratio of the normalized luciferase activities; bars, SD. **, P < 0.01, compared with unstimulated Ad.Con sample. **, P < 0.01, compared with 2 nmol/L of
R1881-stimulated Ad.Con sample. C, scramble- or shPrx1-infected LN3 cells grown in a CS-FBS medium were treated with 10 nmol/L of R1881 for 6 h. Total RNA
was isolated and RT-PCR analysis was done to analyze the levels of PSA mRNA accumulation. Western blot analysis was carried out to monitor the expression
levels of Prx1 in scramble- or shPrx1-infected cells at the time of experiment. D, scramble- and shPrx1-infected LN3 cells were grown in a CS-FBS medium. Cell
growth was analyzed on days 1, 2, 3, and 4. Points, means of results from three separate experiments; bars, SD.
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Figure 5. The antioxidant activity of Prx1 is not essential for AR transactivation
by hypoxia/reoxygenation. A, LN3 cells were treated with 4 h hypoxia/2 h
reoxygenation. The oxidation status of Prx1 was analyzed by two-dimensional
gel electrophoresis followed by Western blot using a Prx1 antibody (top). The
Prx1 antibody recognizes both oxidized (Ox) and reduced (Re) forms of Prx1.
Note the acidic shift of oxidized Prx1 after hypoxia/reoxygenation. Oxidation
status of the active site Cys® was evaluated using Prx-SO,,3H antibody
(bottom). B, LNCaP cells were transfected with pCR vectors containing wild-type
Prx1 (pCR Prx1WT) or mutant Prx1 lacking antioxidant activity (pCR C52S; top).
Empty vector (pCR3.1) was transfected as a negative control. After 24 h of
transfection, cells were treated with 4 h hypoxia/6 h reoxygenation. Normalized
mean luciferase activity obtained from cells without hypoxia exposure was

set at 1.0. Columns, mean ratio of the normalized luciferase activities; bars,
SD. **, P < 0.01 compared with the respective non—hypoxia-treated control.

# P < 0.05, compared with hypoxia-treated pCR3.1 samples. Western blot
analysis of Prx1 was carried out to monitor the levels of Prx1 expression after
transfection (bottom). 3-Actin was used as a loading control.

using a Prx1 antibody or an AR antibody in LN3 cells, these cells
possess a relatively high level of endogenous Prxl. As shown in
Fig. 64, AR was coprecipitated with Prx1 after hypoxia/reoxygena-
tion when a Prxl antibody was used for immunoprecipitation.
Similarly, Prx1 was coprecipitated with AR after hypoxia/reoxyge-
nation when an AR antibody was used for immunoprecipitation,
indicating a possible interaction of Prxl and AR after hypoxia/

reoxygenation. In order to examine whether Prx1 is recruited to the
ARE of the PSA promoter in the natural chromatin milieu, ChIP
assays were carried out using a Prxl antibody. To control for
possible nonspecific interactions and DNA contamination, samples
precipitated with rabbit IgG were analyzed in parallel. As shown in
Fig. 6B, our results reveal a recruitment of Prx1 to the ARE region
in response to hypoxia/reoxygenation. The results obtained from
DNA that was PCR-amplified from chromatin extracts before
immunoprecipitation (input) are shown for comparison. The
specific recruitment of AR to the same ARE region was also
confirmed in cells treated with hypoxia/reoxygenation. Neither
Prx1 nor AR were recruited to the nonspecific region (intervening)
which does not contain an ARE site. No signal was detected in DNA
samples obtained from the corresponding IgG samples.

We also examined whether Prx1 interacts directly with AR. To
this end, we carried out pull-down experiments using purified Prx1
and in vitro-translated AR. The cell-free experiments showed a
direct interaction between Prx1 and AR (Fig. 6C). When pull-down
assays were carried out using a mutant Prxl protein (C52S) or
in vitro oxidized Prx1 (Ox), similar interactions between AR and
these Prx1 proteins lacking antioxidant activity were observed. This
result further corroborates the idea that the antioxidant function of
Prx1 is not essential for its binding to the ARE.

Discussion

Recent advances in early detection and treatment led to a steady
decline in prostate cancer mortality. Despite this improvement in
survival outcome, prostate cancer is still the leading cause of
cancer death in men in the US. An estimated 218,890 new cases
and 27,050 deaths will occur from prostate cancer this year alone
(12). The androgen signaling through AR plays a central role in the
development and progression of prostate cancer. In this study, we
showed that Prx1 is intimately involved in increasing AR activity in
the context of an unstable oxygenation milieu of a tumor. We show
that Prx1 interacts physically with AR, and enhances AR trans-
activation in response to hypoxia/reoxygenation in prostate cancer
cells. We also show that Prxl is capable of sensitizing ligand-
stimulated AR activity. These findings suggest that Prx1 may play
an important role in mediating the abnormal activation of AR in a
subset of prostate cancer cells which are capable of maintaining
survival in an unstable oxygenation condition and a reduced level
of androgen. In fact, the inherently abnormal and unstable
oxygenation of a tumor might be further perturbed by androgen
deprivation. An unstable oxygenation can be exacerbated by
vasculature destruction after castration, or during neoadjuvant
ADT in conjunction with radiation therapy, or in recurrent tumors
during ADT. Prostate cancer that recurs during ADT represents a
lethal phenotype and poses serious clinical problems. There is
mounting evidence to suggest that AR signaling plays an important
role in prostate cancer recurrence (16-18, 37). The importance of
the current study is underlined by the possibility that disrupting
the interaction between Prxl and AR may serve as a new
therapeutic target in a wide range of clinical conditions.

The cell survival-enhancing function of Prxl has traditionally
been attributed to its antioxidant activity. However, despite the
initial biochemical characterization of Prxl as an antioxidant
enzyme, the physiologic significance of its peroxidase function is
unclear because Prx1 is highly susceptible to over-oxidation/
inactivation during reactive oxygen species detoxification (38, 39).
When the catalytic Cys is over-oxidized, the peroxidase activity is
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lost. Recent studies suggest that the catalytic site over-oxidation of
Prx1 may be physiologically significant because it may facilitate the
structural and functional switching of Prx1 from an antioxidant
enzyme to a molecular chaperone (32, 40, 41). This hypothesis is
consistent with the behavior of Prxl in interacting with various
growth-regulating proteins to modulate their activities. The
association of Prxl with c-Abl, c-Myc, macrophage-inhibiting
factor, and glutathione S-transferase m has been previously shown
(32, 34-36). The current study shows that the interaction of Prx1
with AR is independent of the antioxidant function of Prxl. As
studies of Prxl progress, the spectrum of molecules interacting
with Prx1 is likely to expand. The functional consequence of these
interactions would need to be tested and interpreted in a cell type-
and tissue context-dependent manner.

Although Prx1 is thought to be expressed primarily in the
cytosol, several lines of evidence have suggested a localization of

Prx1 to the nucleus. Using immunoelectron microscopy, Prx1 has
been shown to be expressed in the nucleus as well as in the
cytoplasm in the rat kidney (42). The presence of Prxl in the
nucleolus of hepatic parenchymal cells has also been shown in
the rat liver using an immunogold technique (43). Immunohis-
tochemical analysis of oral cancer tissue revealed a Prx1 staining
in the nucleus (25). In addition, nuclear translocation of Prx1 has
been reported in cultured cells (34). Collectively, these findings
strongly suggest a potential role of Prxl in the nucleus. Our
study, showing the role of Prx1 in regulating AR activity, provides
evidence supporting a physiologic function of Prxl in the
nucleus.

It is of note that Prx1 is elevated at the message level in the
phenotypically aggressive LNCaP derivatives, LN3, C4-2, and C4-2B
cells, which were established by different procedures. Although
future studies will be necessary to elucidate the molecular basis of
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Figure 6. Prx1 interacts with AR, and is recruited to the PSA promoter with AR. A, LN3 cells were treated with 4 h hypoxia/2 h reoxygenation. Equal amounts of
protein were used for immunoprecipitation (/P) with a Prx1 antibody (top). The immunoprecipitates were probed for the presence of AR by Western blot. Prx1 Western blot
was done as a loading control. Rabbit IgG immunoprecipitation was done as a negative control. Aliquots of protein were subjected to reciprocal immunoprecipitation
using an AR or rabbit IgG antibody (bottom). The immunoprecipitates were probed for the presence of Prx1 by Western blot. AR Western blot was done as a loading
control. B, LN3 cells treated with 4 h hypoxia/2 h reoxygenation were processed for ChIP assays using an anti-Prx1 antibody (top). Primer pairs used to amplify the
ARE-containing region (ARE) and the non—ARE-containing region (/ntervening) are described in Materials and Methods. Results obtained from DNA that was
PCR-amplified from chromatin extracts before immunoprecipitation (/nput). PCR results obtained after immunoprecipitation with rabbit IgG (Rabbit IgG). The gels shown
are representative of three independent experiments. Aliquots of samples were processed for ChIP assays using an anti-AR antibody (bottom). The ARE region

and intervening regions were amplified with the respective primer pairs. C, equal amounts of purified wild-type Prx1 (WT), in vitro oxidized Prx1 (Ox), or mutant

Prx1C52S (C52S) were incubated with in vitro—translated, [**S]methionine-labeled AR. Physical interaction of Prx1 and AR was tested using a Prx1 antibody pull-down
assay. The proteins were separated by SDS-PAGE, and the presence of AR was visualized by autoradiogram with X-ray film (3°*S-AR) and Western blot. The presence
of Prx1 was detected by Western blot using an anti-Prx1 antibody.
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Prx1 up-regulation in these LNCaP progeny cell lines, it is tempting
to speculate a possible existence of altered molecular mechanisms
that are shared among the three cell lines compared with the
parental LNCaP cells. Recently, we have cloned and characterized
the human prxI promoter, and identified NF-E2-related factor 2, or
Nrf2, as one of the key transcription factors responsible for prxI
up-regulation (44). The activation of Nrf2 seems to be dependent
on a number of regulatory mechanisms to increase Nrf2 protein
level and/or promote its stabilization and accumulation in the
nucleus. Phosphorylation of Nrf2 by various kinases, including
mitogen-activated protein kinase, has been implicated as an
important mechanism in regulating Nrf2 transactivation (45-47).
Considering that mitogen-activated protein kinase signaling by
epidermal growth factor receptor, HER-2/neu tyrosine kinase, and
other growth factor signaling pathways are known to increase the
activation of AR (48, 49), cross-talk mechanisms may exist between
the Nrf2 and AR signaling pathways acting in concert to promote
the malignant progression of prostate cancer.

The hypoxic and unstable oxygenation milieu of a tumor has
been proposed to function as a microenvironmental pressure that

selects for a subset of cancer cells with an increased ability to
survive and proliferate. The current study revealed that elevated
expression of Prxl enhances AR transactivation by hypoxia/
reoxygenation and sensitizes a ligand-stimulated AR, thereby
providing a survival advantage to cancer cells subjected to an
adverse microenvironment. Future research will be aimed at
determining whether aberrant Prx1 up-regulation could be sup-
pressed by genetic and/or pharmacologic approaches, and whether
reducing Prx1 expression levels could suppress prostate cancer
progression or reverse resistance to ADT in preclinical models. It
may be worthwhile to investigate whether the Nrf2-Prx1 axis is
dysregulated in human prostate cancer tissues, and whether it
correlates with disease progression and poor clinical outcome.
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Human peroxiredoxins 1 and 2, also known as Prx1 and Prx2,
are more than 90% homologous in their amino acid sequences.
Prx1 and Prx2 are elevated in various cancers and are shown to
influence diverse cellular processes. Although their growth reg-
ulatory role has traditionally been attributed to the peroxidase
activity, the physiological significance of this function is unclear
because the proteins are highly susceptible to inactivation by
H,O,. A chaperone activity appears to emerge when their per-
oxidase activity is lost. Structural studies suggest that they may
form a homodimer or doughnut-shaped homodecamer. How-
ever, little information is available whether human Prx1 and
Prx2 are duplicative in structure and function. We noted that
Prx1 contains a cysteine (Cys®®) at the putative dimer-dimer
interface, which is absent in Prx2. We studied the role of Cys““3 in
regulating the peroxidase and chaperone activities of Prx1,
because the redox status of Cys®? might influence the oligomeric
structure and consequently the functions of Prx1. We show that
Prx1 is more efficient as a molecular chaperone, whereas Prx2 is
better suited as a peroxidase enzyme. Substituting Cys®® with
Ser®® (Prx1C83S) results in dramatic changes in the structural
and functional characteristics of Prx1 in a direction similar to
those of Prx2. Here we also report the first crystal structure of
human Prx1 and the presence of the Cys®*~Cys®® bond at the
dimer-dimer interface of decameric Prx1. These findings are
consistent with the hypothesis that human Prx1 and Prx2 pos-
sess unique functions and regulatory mechanisms and that
Cys®3 bestows a distinctive identity to Prx1.

Human Prx1? and Prx2 are highly homologous members of
the peroxiredoxin protein family (1). Prx1 and Prx2 are shown
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to be elevated in several human cancers. Prx1 is elevated in oral,
esophageal, pancreatic, follicular thyroid, and lung cancers
(2-10). Both Prx1 and Prx2 are elevated in mesothelioma,
breast, and head-and-neck cancers (11-14). Elevation of Prx1
correlates with resistance to chemotherapy in breast cancer
(15). In contrast, down-regulation of Prx1 has been shown to
sensitize lung cancer cells to radiation and reduce metastasis of
lung cancer xenografts (16). Similarly, overexpression of Prx2
renders leukemia and stomach cancer cells resistant to chemo-
therapeutic agents (17, 18), and down-regulation of Prx2 sensi-
tizes head-and-neck cancer cells to radiation (14) and gastric
carcinoma cells to cisplatin (19). These studies suggest that
both Prx1 and Prx2 confer resistance to therapy and promote
an aggressive survival phenotype of the cancer cells.

The cell survival enhancing functions of Prx1 and Prx2 are
generally attributed to their H,O, scavenging activities. The
H,O, catalytic mechanism of Prxs is unique among the perox-
ide-detoxifying enzymes. For example, glutathione peroxidase
reduces peroxides while oxidizing glutathione as a co-substrate.
The H,O, eliminating action of Prx1, on the other hand, is
mediated by a transient inter-molecular disulfide bond forma-
tion between the catalytic Cys®* of one Prx1 molecule and the
Cys'”? residue of another Prx1 molecule (1). Likewise, the H,O,
catalytic action of Prx2 is mediated through a disulfide bond
formation between Cys®' and Cys'”%. The formation of an
inter-molecular disulfide bond between Prx1 and Prx2 does not
appear to occur. Transiently formed disulfide bond is reduced
back to Cys-SH by the action of disulfide oxidoreductase, thi-
oredoxin. The Cys'”? residue of Prx1 (Cys'”? in Prx2) has tra-
ditionally been referred to as a “resolving” Cys. This is based on
the fact that the transient inter-molecular disulfide bond for-
mation between the Cys'”*''72-SH of one Prx molecule and the
Cys®*’®'-SOH of another Prx molecule engaged in peroxide
catalysis is a necessary step for reduction of the Cys®**'-SOH
back to Cys®*’>'-SH. Despite the initial biochemical character-
ization of Prxs as peroxide-removing enzymes, the physiologi-
cal significance of their peroxidase activity is unclear, because
the catalytic Cys of a Prx is highly susceptible to loss of activity
as a result of its overoxidation to sulfenic (-SO,H) or sulfonic

drogenase; IAA, iodoacetamide; yTR, yeast thioredoxin reductase; yTrx,
yeast thioredoxin; MS, mass spectrometry, MS/MS, tandem mass spec-
trometry; PDGF, platelet-derived growth factor; Gpx, glutathione peroxi-
dase; PHGpx, phospholipid hydroperoxide Gpx; KO, knock-out; JNK, c-Jun
N-terminal kinase.
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acid (-SO,H) during peroxide detoxification (20-22). When
the catalytic Cys is overoxidized, the peroxidase activity is lost.

Structural studies from various species suggest that Prx pro-
teins may exist as an a, homodimer or a doughnut-shaped (e,)5
homodecamer (23-25). Two molecules of reduced Prxs form
an a, homodimer, which in turn serves as a building block for
decamer formation. According to x-ray crystallographic stud-
ies, the inter-molecular disulfide bond that occurs transiently
during the catalytic cycle requires local unfolding because the
distance between the catalytic Cys and the resolving Cys is too
far apart at ~13 A (24, 25). The latter effect destabilizes the
dimer-dimer (DD) interface and, by extension, the decameric
structure. The stability of the DD interface is quickly restored
when the disulfide bond is reduced back to Cys-SH by thiore-
doxin. This completes a cycle of H,O, catalysis by the Prx pro-
tein. If the mechanics of unfolding or the conditions for disul-
fide formation are unfavorable for various reasons, the catalytic
Cys becomes overoxidized to sulfenic (-SO,H) or sulfonic acid
(-SO4H) and loses its H,O, catalytic activity. The DD interface
of an overoxidized Prx dimer, however, appears to be more
stable than that of a fully reduced Prx dimer, and it may in fact
lead to a more compact decamer (23-25). Recent studies sug-
gest that high molecular weight Prx may function as a molecu-
lar chaperone (26-28). The information above suggests that
the redox status of the catalytic Cys and the molecular chaper-
one activities of Prx may be closely linked.

Human Prx1 and Prx2 are 91% homologous and 78% identi-
cal in their amino acid sequences. Are Prx1 and Prx2 duplicate
proteins or do they have unique functions and regulatory mech-
anisms? Although Prx1 and Prx2 have been studied independ-
ently in a number of cell and animal systems, little information
is available regarding this fundamental question. Studies of
Prx1 knock-out (KO) and Prx2KO mice illustrate the complex-
ity of addressing this deceivingly simple question. One of the
major phenotypes of Prx1KO was uncontrolled cell prolifera-
tion and the development of tumors in certain cell types (29).
This striking observation led to the suggestion that Prx1 may
actas a tumor suppressor. This is contradictory to the proposed
role of Prx1 in promoting cell survival, treatment resistance,
and malignant progression of various cancer cells (1-16).
Absence of Prx2, on the other hand, resulted in splenomegaly
caused by the congestion of red pulp with hemosiderin accu-
mulation in Prx2KO mice (30). No tumor development was
observed in any cell types or tissues of Prx2KO mice. Based on
this finding, it was suggested that Prx2 is essential for sustaining
the life span of erythrocytes in mice. Although there are no data
available comparing the levels of H,O, in different tissues of the
Prx1KO or Prx2KO mice, or between the same tissue or cells
obtained from Prx1KO and Prx2KO mice, elevated levels of
H,O, were observed in certain tissues of both Prx1KO and
Prx2KO mice. Obviously, reduced peroxide removal resulting
from the absence of either Prx1 or Prx2 cannot offer an answer
to the drastically different phenotypes observed in these stud-
ies. The above information and findings from various human
cancer cells and tissues, however, clearly indicate the following:
1) Prx1 and Prx2 may not be identical in function and are dis-
tinguishable by their regulatory mechanisms; 2) maintaining an
adequate level of these proteins may be important in keeping
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Prx1 MSSGNAKIGHPAPNFKATAVMPDGQFKDISLSDYKGKYVVFFFYPLDFTF
Prx2 MASGNARIGKPAPDFKATAVVDG-AFKEVKLSDYKGKYVVLEFYPLDFTF
*:\l’i':\l‘\l’:\\--A-:\\--r-*:')\"\l’."*'l’*: . \l'-l-:: .\\-**\l’-r-w-k-r*'k:'l"r-\l'-l-'.\k"l"r\\--k
2 71 83
Prx1 VCPTEIIAFSDRAEEFKKLNCOVIGASVDSHFCHLAWVNTPKKQGGLGPM
i s

Prx2 VCFTEIIAFSNRAEDFRKLGCEVLGVEVDSQFTHLAWINTPREEGGLGEL
-k'r\l"l’\\"k'x\\"k*: 'x\\"l’: w:'.*'k 5 \l’:'.\l': e 4 'k:\\'\l"f: * \l"x\\"k:'.\k"k:w:'x: 'k'.w\l"xl-:
Prx1 NIPLVSDPKRTIAQDYGVLKADEGISFRGLFIIDDKGILRQITVNDLEVG
Prx2 WNIPLLADVTRRLSEDYGVLKTDEGIAYRGLFIIDGKGVLRQITVNDLPVG
kkdk o 2k Kk s ahkkodkk ko kdkk e cdhdkkhdeohd ke h kA ke ko k ok hhk
173 199

Prx1 RSVDETLRLVQAFQFTDKHGEVCPAGWKPGSDTIKFPDVQKSKEYFSKQK
172 198

Prx2 RSVDEALRLVQAFQYTDEHGEVCPAGWKPGSDTIKPNVDDSKEYFSKHN

I I e

FIGURE 1. Alignment of the amino acid sequences of human Prx1 and
Prx2. The amino acid sequences of human Prx1 and Prx2 are aligned using
ClustalW program (version 1.83) (53). Note that the amino acid corresponding
to position 24 of Prx1 is missing in Prx2. The locations of the Cys residues are
marked. In addition to the catalytic Cys and the resolving Cys, one extra Cys is
shared by Prx1 and Prx2 at positions 71 and 70, respectively. The presence of
Cys® is unique to Prx1. Identical residues (*) and strong (:) or weak (.) homol-
ogous residues are indicated below the sequences. The amino acid residues
located at the putative DD interface are underlined.

normal cell proliferation/apoptosis in check; 3) the functions of
Prx1and Prx2 mayberegulated ina cell type- and tissue context-
dependent manner; and 4) their functions would need to be
tested (and interpreted) in light of the various genetic and envi-
ronmental factors that could affect the molecular behavior of
Prx1 and Prx2.

When we examined the amino acid sequences of human Prx1
and Prx2, we noted that in addition to the well characterized
catalytic Cys (Cys®? in Prx1 and Cys®! in Prx2) and resolving
Cys (Cys'”?in Prx1 and Cys'”? in Prx2) residues, there is a Cys®?
that is unique to Prx1 and not found in Prx2 (Fig. 1). According
to available structural information from various Prx species (24,
25), the Cys®? of human Prx1 appears to be located at the puta-
tive DD interface. The goal of this study was to investigate
whether there is a functional and/or structural difference
between human Prx1 and Prx2 at the protein level, and if so,
whether Cys* in Prxl contributes to the difference. Our
approach was to employ defined experimental systems and to
compare the molecular behaviors of these two proteins side by
side. We purified recombinant human Prx1 and Prx2 proteins
and evaluated their peroxidase and molecular chaperone activ-
ities. We also examined the biochemical and structural charac-
teristics of the Cys®> — Ser substituted Prx1 (Prx1C83S) with
those of wild type Prx1 and Prx2. Based on the results from a
combination of mutagenesis, biochemical, computer modeling,
mass spectrometry, and x-ray crystallographic studies, we con-
clude that Prx1 and Prx2 are not redundant proteins and that
the Cys®® of Prx1 plays a critical role in bestowing a distinctive
identity on Prx1, which is not shared by Prx2.

EXPERIMENTAL PROCEDURES

Materials—Dithiothreitol (DTT), iodoacetamide (IAA),
NADPH, hydrogen peroxide, citrate synthase, and insulin were
obtained from Sigma. Tris-(2-carboxyethyl)phosphine hydro-
chloride was from Invitrogen. Malate dehydrogenase (MDH)
was from Roche Applied Science.
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Expression and Purification of Recombinant Proteins—The
Prx1/pET-17b and Prx2/pET-17b vectors containing the entire
coding regions of human Prx1 and Prx2 were constructed. Site-
directed mutagenesis of Cys®* to Ser®® was performed to gen-
erate the Prx1C83S with the QuikChange mutagenesis kit
(Stratagene) using the Prx1/pET-17b as a template. Recombi-
nant human Prx1, Prx2, and Prx1C83S proteins were purified
by sequential ion exchange chromatography and size exclusion
chromatography as described previously (31). Briefly, the cell
extract was loaded onto DEAE-Sepharose (GE Healthcare) and
equilibrated with 20 mm Tris-Cl (pH 7.5). The proteins were
dialyzed with 50 mm sodium phosphate buffer (pH 6.5). The
dialyzed proteins were loaded onto SP-Sepharose (GE Health-
care) and equilibrated with 50 mM sodium phosphate buffer
(pH 6.5). The bound proteins were eluted with a linear gradient
of sodium chloride. The fractions containing Prx1, Prx2, or
Prx1C83S were pooled, loaded onto Superdex 200 (16:60, GE
Healthcare), and equilibrated with 50 mMm sodium phosphate
buffer (pH 7.0) containing 0.1 M NaCl. The fractions containing
Prx1, Prx2, or Prx1C83S were pooled and stored at —80 °C.
Unless otherwise specified, all proteins were treated with 0.5
mM DTT for 30 min prior to their use. DTT was removed with
Hitrap desalting column (5 ml; GE Healthcare). Full-length
clones of yeast thioredoxin (yTrx) and yeast thioredoxin reduc-
tase (yTR) were obtained from yeast genomic DNA (Clontech).
The yTrx and yTR proteins were purified as described previ-
ously (32).

Peroxidase Activity Assay— The thioredoxin-dependent per-
oxidase activity of the purified Prxs was measured as described
previously with minor modifications (32). A total of 1.1 ug each
of Prx1, Prx2, or Prx1C83S was incubated in 50 mm Hepes (pH
7.0) containing 200 um NADPH, 3 um yTrx, and 1.5 um yTR.
The reaction mixture was incubated at 30 °C for 5 min, followed
by the addition of a 10-ul aliquot of H,O, at various concentra-
tions. NADPH oxidation was monitored for the next 10 min by
a decrease in absorbance at 340 nm measured with the Ultro-
spec 2100 pro (GE Healthcare) spectrophotometer.

Molecular Chaperone Activity Assay—Molecular chaperone
activity was determined as described previously (33) by assess-
ing the ability of the recombinant Prxs to inhibit the thermal
aggregation of substrate proteins (26-28). Briefly, 1 um of
MDH, citrate synthase, or insulin was mixed with various con-
centrations of Prx1, Prx2, or Prx1C83S, in a degassed 50 mm
Hepes (pH 7.0) solution containing 0.1 M NaCl. The reaction
mixture was incubated at 45 °C for 30 min, and the increase of
light scattering as a result of thermal aggregation of substrate
proteins was monitored at 360 nm.

Statistical Analysis—Statistical significance was examined
using Student’s ¢ tests. The two-sample ¢ test was used for two
group comparisons. Values were reported as means * S.D. p
values <0.05 were considered significant.

Western Blot Analysis—A total of 1.1 ug each of Prx1, Prx2,
or Prx1C83S was incubated in 50 mm Hepes (pH 7.0) contain-
ing 200 um NADPH, 3 um yTrx, and 1.5 uM yTR. The reaction
mixture was incubated at 30 °C for 5 min, and various concen-
trations of 10 ul H,O, were added to the mixture. After 5 min of
incubation, 0.6 umol of IAA was added to block the residual
free thiol (—SH) group. The reaction was allowed to go in the
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dark for 5 min and then quenched by adding 100 nmol of Tris-
(2-carboxyethyl)phosphine hydrochloride. An aliquot of 100 ng
of Prxs from each reaction mixture was taken and subjected to
Western blot analysis with Prx1, Prx2, or Prx-SO,,;H antibod-
ies (Lab Frontier Life Science Institute, Seoul, Korea).

Gel Filtration Chromatography—A total of 0.45 mg each of
Prx1, Prx1C83S, or Prx2 protein was loaded onto a Superdex
200 column (1.6 X 60 cm) equilibrated with buffer containing
50 mm sodium phosphate, pH 7.0, and 0.1 M NaCl. Thyroglob-
ulin (699 kDa), aldolase (150 kDa), bovine serum albumin (67
kDa), and bovine trypsinogen (24 kDa) were used as molecular
weight standards.

Intrinsic Tryptophan Fluorescence Spectroscopy—Intrinsic
Trp fluorescence spectra were recorded using an LB-45 spec-
trofluorometer (PerkinElmer Life Sciences) with an excitation
wavelength of 295 nm. Samples of Prx1, Prx1C83S, or Prx2
protein were used at a concentration of 10 ug/ml in 50 mm
sodium phosphate buffer (pH 7.0) containing 0.1 mm NaCl. The
excitation and emission band passes were set at 3 nm. Spectra
were monitored from 300 to 500 nm at room temperature.

Homology Modeling—A model of decameric human Prx1
was built based on the atomic structure of well characterized
bacterial Prx protein, AhpC (Protein Data Bank code 1YEP). A
molecular operating environment (version 2005.06, Chemical
Computing Group, Montreal, Canada) running on a G5 dual
2.7-GHz PowerPC workstation was used for homology model-
ing. The best intermediate model was energy-minimized to
remove unfavorable van der Waals contacts. PyYMOL (34) was
used for analysis and illustration purposes.

Intact Protein Analysis by MALDI-TOF Mass Spectrometry—
Samples of Prx1, Prx1C83S, or Prx2 in water, 0.1% trifluoroace-
tic acid were mixed with a solution of 3,5-dimethoxy-4-hy-
droxycinnamic acid, sinapinic acid matrix. Five pmol each of
the proteins was applied to a sample plate. The MALDI micro-
MX™ mass spectrometer (Waters, Milford, MA) was operated
in positive linear mode (post acceleration dynode, 5 kV; sample
period, 1 ns). Data acquisition was performed over the m/z
ranges of 25,000 —250,000. Mass spectra were calibrated by the
default method and verified by using bovine serum albumin for
external calibration.

In-solution Digestion of Recombinant Proteins with Trypsin—
Samples of Prx1, Prx1C83S, or Prx2 proteins were diluted to 1
uM concentration with 10% acetonitrile, 40 mM ammonium
bicarbonate buffer. After brief sonication to dissolve the sam-
ples, 200 ul each of protein solution was transferred to Eppen-
dorf tubes. For some experiments, the protein solution was
reduced with 20 pl of DTT (50 mm in 10% acetonitrile, 40 mm
ammonium bicarbonate buffer) at 60 °C for 30 min. After it was
cooled to room temperature, iodoacetamide solution was
added (20 ul, 200 mm in 10% acetonitrile, 40 mM ammonium
bicarbonate buffer), and the reaction mixture was incubated at
room temperature for 30 min in the dark. A solution of
sequencing grade trypsin (10 ug of trypsin dissolved in 500 ul of
10% acetonitrile, 40 mM ammonium bicarbonate buffer) was
added to the mixture to achieve an enzyme/protein ratio of 1:10
(w/w). The solution was digested at 37 °C for 16 h.

MALDI-TOF Analysis of Trypsin-digested Peptides— After
trypsin digestion, the peptide mixtures were dried in a Speedvac
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100 mm; Waters) and were sepa-
rated over a 75-min period at a flow
rate of 400 nl/min with a gradient of
acetonitrile solution containing
0.1% formic acid. The samples were
directed to the electrospray source.
The Q-TOF mass spectrometer was
operated in a positive ion mode with
a source temperature of 120 °C and
a cone voltage of 45 eV in V-mode.
The collision energies were set at 10
and 30 V for MS and MS/MS scans,
respectively. The MS/MS spectra
were obtained in a data-dependent

Prx2
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FIGURE 2. Inactivation of human Prx1 and Prx2 peroxidase activity during H,0, catalytic cycle. A, reaction
mixtures containing equal amounts of Prx1 were assayed for peroxidase activity with the increasing concentrations
of H,0, from 0.2 to 2.0 mm. The oxidation of NADPH was monitored at 30 °C by the decrease in absorbance at 340 nm
(A340)- The results shown are the means of three independent experiments. B, inactivation of Prx2 peroxidase activity
was monitored as described above. The results are the means of three independent experiments. C, effect of H,0,
on the overoxidation of the catalytic Cys in Prx1 and Prx2. The Prx1 and Prx2 proteins were reacted with the increas-
ing concentrations of H,0, and were subjected to Western blot analysis using a Prx-SO,,;H antibody (Ab) (Lab
Frontier Life Science Institute), which specifically recognizes the overoxidized catalytic Cys residue. Aliquots of
samples were also probed with a Prx1 or a Prx2 antibody (Lab Frontier Life Science Institute). The experiments were

repeated at least three times, and the representative blots are shown.

concentrator and dissolved in water containing 0.1% trifluoro-
acetic acid. Samples were mixed 1:1 (v/v) with 10 mg/ml
a-cyano-4-hydroxycinnamic acid in 400:400:200 (v/v) acetoni-
trile/ethanol/water. A total of 1.3 ul of sample/matrix mixture
was spotted onto a MALDI target plate, allowed to dry in air at
room temperature, and analyzed on a MALDI micro MX™
mass spectrometer. The machine was operated in a positive
reflectron mode with an accelerating voltage of 25 kV, and a
time lag focusing delay of 500 ns. Data acquisition was per-
formed over the m/z ranges of 900 —4000. Calibration mixture
containing polyethylene glycol in a range of molecular weights
and sodium iodide was used to generate a multipoint external
calibration. The MS data were externally corrected by using the
adrenocorticotropic hormone as a lock mass.

Q-TOF Analysis of Trypsin-digested Peptides—A hybrid
quadruple/orthogonal time-of-flight mass spectrometer
Q-TOF API US (Waters, Milford, MA) was used to carry out a
tandem mass spectrometry (MS/MS) analysis. Two ul of
digested peptide solution were injected into the LC system
(nanoACQUITY UPLC, Waters) that was interfaced with a
Q-TOF mass spectrometer at a flow rate of 4 ul/min. The solu-
tion was pre-concentrated on a symmetry C18 column (180
pm X 20 mm; Waters). The peptides were eluted onto a nano-
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Crystallization, Data Collection,
and Structure Solution—Human
Prx1 was crystallized as described
previously with minor modifica-
tions (35). The crystals were
obtained by hanging drop vapor dif-
fusion experiments using a reservoir
solution of 100 mwm citrate (pH 4.6)
and 10% polyethylene glycol at a
protein concentration of 15 mg/ml.
X-ray diffraction data collection
was carried out at the Cornell High
Energy Synchrotron Source A-1
beam line. One hundred eighty 1°
oscillation frames of data from one
crystal were recorded on a CCD
detector and processed with
HKL2000 and SCALEPACK soft-
ware packages (36). The space
group is P2, and the unit cell dimensions are a = 89.3A, b =
111.1A, ¢ = 120.44A, B = 111.8°, with one complete decamer in
the asymmetric unit. A total of 94,269 diffraction intensities
was measured yielding 33,727 unique data to a maximum of
3.20 A resolution. The overall R-merge for the data set was
0.152 and was 95.1% complete. The I/o1 value for the data set
was 8.16 overall and 1.75 in the highest resolution shell (3.31-
3.20 A). The structure was determined by the molecular
replacement method using the AhpC structure as the search
model and refined with Refmac5 in the CCP4 crystallographic
package (37). After one cycle of refinement with tight noncrys-
tallographic restraints (1980 amino acids and 15,520 atoms; no
solvent molecules were included), the crystallographic R-factor
and R-free values were 0.299 and 0.328, respectively. The root
mean squared deviations from ideality of bond distances and
angles are 0.023 A and 2.14°, respectively, without any major
violation in the Ramachandran plot.

Time (sec)

RESULTS

Comparison of Peroxidase and Molecular Chaperone Activi-
ties of Prx1 and Prx2—To compare the H,O, catalytic activities
of human Prx1 and Prx2, the standard peroxidase reaction was
carried out by using the yeast Trx system (yIrx, yIR, and
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FIGURE 3. Molecular chaperone activity of human Prx1 and Prx2. The molecular chaperone activities of Prx1

(A) and Prx2 (B) were monitored by using MDH as a substrate. The effect of the increasing concentrations of
Prx1 or Prx2 on the thermal aggregation of MDH (1 M) was monitored at 45 °C for 30 min. The effect of bovine

Effect of Cys® to Ser®® Substitution
of Prx1 on Peroxidase and Molecular
Chaperone Activities—To investigate
a possible role of Cys® in influenc-
ing the function of Prx1, the Cys®?
residue of Prx1 was replaced by
Ser®>. Fig. 4A shows the peroxidase
activity of Prx1C83S in the presence
of increasing concentrations of
H,0,. It is clear that the peroxidase
function of Prx1C83S was robust
and not as easily inactivated as the
wild type Prx1 during H,O, cataly-
sis. In contrast to the wild type Prx1,
a significant peroxidase activity was
observed in Prx1C83S at all H,O,
concentrations. The activity of
Prx1C83S at2.0 mm H,O, remained
as high as 47 = 1.0% at 600 s after
starting the reaction. The peroxi-

serum albumin (8 um) on the MDH aggregation was evaluated as a negative control.

NADPH) as an electron donor. The activities were evaluated by
monitoring the decrease in absorbance at 340 nm (A4,,,)
because of the oxidation of NADPH. As shown in Fig. 2, A and
B, the peroxidase activities of both Prx1 and Prx2 diminished
progressively in a time-dependent manner as the concentration
of H,0, was increased from 0.2 to 2.0 mm, as evidenced by the
increases of A, values. However, the inactivation of Prx1 was
much more severe than that of Prx2 at all H,O, concentrations.
The peroxidase activity of Prx2 was fairly well maintained with
a concentration of H,0O, as high as 2.0 mm. Even at 600 s after
starting the reaction, Prx2 was still capable of reducing H,O, as
evidenced by the appreciable decrease of an A,,, value.
Although the activities of Prx1 at 0.2 mm and 2.0 mm H,O, were
reduced to 36.5 = 0.4 and 24.8 * 0.2%, respectively, Prx2 activ-
ities remained at levels of 55.8 = 1.1 and 35.7 = 0.6% at those
same respective concentrations of H,O,. In fact, the activity of
Prx2 at 2.0 mm H,O, was comparable with that of Prx1 at 0.2
mMm H,0O,. The degree of inactivation of Prx1 was greater than
that of Prx2 at all concentrations with a p value of less than
0.001. The greater sensitivity of Prx1 to H,O,-induced inacti-
vation was confirmed by probing with a Prx-SO,,;H antibody
that specifically recognizes the overoxidized (i.e. inactivated)
catalytic Cys. Although the sulfenic/sulfonic (-SO,,;H) form of
Prx1 was detectable at all concentrations of H,O,, the overoxi-
dation of Prx2 was visible only at a level of H,O, greater than 1
mwm (Fig. 2C).

Next, we compared the molecular chaperone activities of
Prx1 and Prx2 by using MDH as a substrate. As shown in Fig.
3A, Prx1 displayed a robust capacity to suppress the thermal
aggregation of MDH. The molecular chaperone activity of Prx1
increased in a concentration-dependent manner, peaking at 12
M. In contrast, the chaperone activity of Prx2 was considerably
less than that of Prx1 on an equimolar basis (Fig. 3B). Similar
results were obtained when citrate synthase or insulin was used
as a substrate (data not shown).
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dase activities of Prx1 at 1.0 and
2.0 mm H,0O, are shown for com-
parison; the peroxidase activities
of Prx1C83S were significantly greater than those of wild
type Prx1 at both concentrations (p < 0.001). The resistance
of Prx1C83S to overoxidation by H,O, was confirmed by the
negative Western blot data with a Prx-SO,,;H antibody (Fig.
4B). Prx1C83S also appeared to have completely lost its ability
to suppress the thermal aggregation of MDH (Fig. 4C). The
chaperone activities of wild type Prx1 at 8 and 12 um are shown
for comparison.

The Oligomeric Status of Prx1 Differs Significantly from That
of Prx2 and Prx1C83S—The results above suggest that the
molecular properties of Prx1C83S are significantly changed
from those of the wild type Prx1, and in a direction that resem-
bles the characteristics of Prx2. Because the structure of Prxs
may be closely linked to the peroxidase and molecular chaper-
one activities, we next carried out gel filtration chromatography
to examine the oligomeric status of Prx1, Prx1C83S, and Prx2.
The elution profile of Prx1C83S and Prx2 was significantly dif-
ferent from that of Prx1 (Fig. 5A). The position of Prx1 at its
peak corresponded approximately to a molecular mass of 340
kDa, which is somewhat greater than the expected molecular
mass (220 kDa) of a decameric structure. The position of
Prx1C83S was similar to that of Prx2. The apparent molecular
masses of Prx1C83S and Prx2 at their peaks were 57 and 67 kDa,
respectively. These values were also slightly higher than the
expected molecular mass of a dimer (44 kDa). Considering that
hydrodynamic radius influences the elution pattern of a protein
on gel filtration chromatography;, it is likely that the differences
between the expected and observed molecular masses resulted
from the differential compactness of these proteins in solution.
Nonetheless, the results strongly suggested the presence of dif-
ferences in the oligomerization characteristics of Prx1 com-
pared with that of Prx1C83S or Prx2.

We also examined the intrinsic tryptophan fluorescence pro-
files of Prx1, Prx1C83S, and Prx2 (Fig. 5B). The intensities of the
Trp fluorescence spectra of Prx1 were much lower than those of
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FIGURE 4. Effect of Cys®? to Ser®? substitution on the peroxidase and molecular chaperone activities of
human Prx1. A, equal amount of Prx1C83S was reacted with the increasing concentration of H,O,. The absorb-
ance at 340 nm (A5,,) was monitored to evaluate the inactivation of Prx1C83S during the catalytic cycle. Values
are the means of three independent experiments. B, equal amount of Prx1C83S was reacted with the increas-
ing concentrations of H,0, and was subjected to Western blot by using a Prx-SO,,sH antibody (Ab) (Lab
Frontier Life Science Institute). Aliquots of the same reaction mixture were probed with a Prx1 antibody.
Representative blots from the three independent experiments are shown. C, molecular chaperone activity of
Prx1C83S was determined by measuring its ability to inhibit the thermal aggregation of MDH. BSA, bovine
serum albumin.
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FIGURE 5. Gel filtration chromatography and intrinsic Trp spectra analysis. A, Prx1, Prx1C83S, or Prx2
protein was loaded onto Superdex-200 column pre-equilibrated with 50 mm sodium phosphate buffer (pH 7.0)
containing 0.1 M NaCl. The samples were eluted at a flow rate of 1 ml/min. Arrows indicate the elution positions
of the molecular weight standards. B, intrinsic Trp fluorescence spectra of Prx1, Prx1C83S, or Prx2 were
recorded with an excitation wavelength of 295 nm. The excitation and emission band passes were set at 3 nm.
Spectra were monitored from 300 to 500 nm at room temperature.

Prx1C83S and Prx2. Lower intensities in the Prx1 Trp spectra
are indicative of a greater propensity to form an oligomeric
structure (38). Consistent with the result obtained from the gel
filtration study, the Trp fluorescence spectra indicated that the
tertiary packing property of Prx1 is significantly different from
that of Prx1C83S or Prx2.
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Molecular Mass Determination
by Mass Spectrometry Reveals That
Prxl Is Present as a Decamer,
whereas Prx2 and Prx1C83S Are
Primarily in a Dimeric Form—
MALDI-TOF mass spectrometry
was employed to determine the
molecular masses of the intact
Prx1, Prx2C83S, and Prx2 proteins
in high resolution. The molecular
mass/charge (m/z) values of
219,746.17, 110,201.47, 73,554.93,
and 55,373.06 represent the singly,
doubly, triply, and quadruply
charged Prx1 decamer, respectively,
further corroborating that Prx1 is
present predominantly asa decamer
(Fig. 6A). The minor peaks at m/z of
44,202.26 and 882,902.29 represent
the singly charged Prx1 dimer and
tetramer ion, respectively. We
found that the decamer signature of
Prx1 is completely lost in Cys®3- to
Ser®3-substituted Prx1. As shown in
Fig. 6B, Prx1C83S is present pre-
dominantly in a dimeric form. The
intense signal shown at m/z value of
44,000.22 represents a Prx1C83S
dimer with a charge state of +1. The
weak signal of the Prx1C83S tet-
ramer ion is detected at m1/z value of
88,286.76. Consistent with the func-
tional similarity between Prx1C83S
and Prx2, Prx2 is also present pri-
marily as a dimer (Fig. 6C). The
intense peak at m/z of 43,627.27 is a
Prx2 dimer with a charge state of
+1. Similar to Prx1C83S, a weak
signal of the Prx2 tetramer ion (m/z
87,373.28) was also detected. The
molecular mass determination of
intact protein by MALDI-TOF mass
spectrometry is highly accurate.
The % errors of all the experimental
m/zvalues were less than 0.5% of the
theoretical values (Table 1), except
for the singly charged Prx1 decamer
ion in which the % error of experi-
mental mass is 0.55%.

The Cys®3 of Prx1 Is Located at the
Dimer-Dimer Interface—To gain
insight as to how Cys®® may impact

on the structural and functional characteristics of Prx1, we
carried out a homology modeling study. Because the crystal
structure of human Prx1 has not been determined, the
atomic structure of the well characterized bacterial Prx,
AhpC (Protein Data Bank code 1YEP), was used as a basis for
homology modeling. Our modeling results indicated that the
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DD interface of human Prx1 decamer contains a local 2-fold
symmetry axis close to Cys®? of each peptide chain. The Cys®?
residue in either y; = —180°or x; = —60° conformation packs
at the DD interface in a manner similar to the packing of
AhpC. The distance between the two Cys residues is at
(Cys®? at xy, = —180°) or slightly above (Cys®** at x; = —60°)
the sum of van der Waals radii, thus ensuring a tight fit and
perhaps entropic gain because of the burial of hydrophobic
surfaces. Fig. 7 illustrates the DD interface of the Prxl
decamer model with the Cys®® side chain in y, = —180°
conformation. The presence of the Asp’® and Asp®” pairs at
the DD interface does not appear to be destabilizing, because

A

the side chains are likely be shielded by water molecules at
the interface as is the case with the AhpC crystal structure.
Consequently, repulsive negative charges at the DD interface
or energy costs for burial of charged side chains are probably
of little concern.

The Cys®® Residue of Prx1 Is Oxidized under an Ambient
Atmosphere—Because of the specific location of Cys®® at the
DD interface, we questioned whether the disulfide bond
between the dimer units contributes to the preferential
decamer structure of Prx1. Although the distance between
the two dimer Cys®® sulfur atoms (2.42 A) is slightly longer
than the ideal disulfide bond distance of 2.03 A (39), a Cys®3—
Cys®? disulfide bond appears to be
plausible with some adjustment to
the backbone conformation in this
region. We looked for a Cys®-
Cys®*-containing peptide ion or
the MS/MS fragments of such ion
by using MALDI-TOF and Q-TOF
mass spectrometry, respectively.
We did not find corresponding
molecular masses under the
experimental conditions that we
tested. Nonetheless, when we ana-
lyzed the tryptic digests of Prx1 by
MALDI-TOF, the 68-92 peptide
that contains the reduced Cys®?
was not detected, indicating that
Cys®® may be oxidized under an
ambient atmosphere. As shown in
Fig. 8A, except for the 68-92

residue, the Cys®> containing
the 38-62 peptide ion (m/z
3036.7607) and the Cys'”® con-
taining the 169-190 peptide ion
(m/z 2349.2420) were clearly
detected. The fact that the 68 —92
ion (m/z 2751.6653) was clearly
detected in Prx1C83S (Fig. 8B)
further corroborated the idea that
the loss of the 68 -92 peptide sig-
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FIGURE 6. MALDI-TOF mass spectrum of intact human Prx1, Prx1C83S, and Prx2 proteins. The oligomeric
status of Prx1 (A), Prx1C83S (B), and Prx2 (C) was determined by measuring the accurate molecular masses of

the intact proteins by MALDI-TOF mass spectrometry.

nal in the wild type Prx1 may be
because of the oxidation of Cys®>.
The theoretical and experimental
masses as well as the sequences of

TABLE 1
Theoretical and experimental molecular masses of Prx1, Prx1C83S, and Prx2 protein ions
Dimer[M + H]*  Tetramer [M + H]* Decamer
imer etramer
[M + H]* [M + 2HP* [M + 3HP* [M + 4H]**
Prx1 Theoretical 44,192.55 88,385.11 220,962.79 110,482.39 73,655.26 55,241.70
Experimental 44,202.26 88,290.29 219,746.17 110,201.47 73,554.93 55,373.06
% error 0.02 0.11 0.55 0.25 0.14 0.24
Prx1C83S Theoretical 44,160.42 88,320.85 220,802.12 110,402.06 73,601.71 55,201.53
Experimental 44,000.22 88,286.76 ND* ND ND ND
% error 0.36 0.04
Prx2 Theoretical 43,756.48 87,512.95 218,782.38 109,392.19 72,928.46 54,696.60
Experimental 43,627.27 87,373.28 ND ND ND ND
% error 0.30 0.16

“ND indicates not detected.
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FIGURE 7. Structure of human Prx1 at the DD interface. A decamer
structure of Prx1 was built based on the crystal structure of AhpC (Protein
Data Bank code 1YEP). A close up of the Cys®? residue-containing region
shows that Cys®? is proximal to the local 2-fold related Cys®? at the dimer-
dimer interface. When the two Cys®® side chains are modeled in x,~
—18(}\" conformation, the S-y atoms have a closest approach distance of
242 A.

the 38-62, 68-92, and 169-190 residues of Prx1 and
Prx1C83S are shown in Table 2.

To test whether the disappearance of the Cys®*-containing
peptide in Prx1 is because of the oxidation of Cys®?, an ali-
quot of Prx1 was incubated with DTT, and the thiol (-SH)
moieties were alkylated with IAA. The MALDI-TOF analysis
revealed that the 68 —92 residue with the m/z of 2881.6497
was fully restored in the DTT-treated and -alkylated wild
type Prx1 digests. Fig. 8C shows an overlay of the isotopic
clusters of the alkylated 68 —92 peptide ion of Prx1 with or
without DTT treatment. In contrast, when the 68 -92 pep-
tide ion of Prx1C83S was alkylated with or without DTT
treatment, no difference was observed. Fig. 8D displays an
overlay of the isotopic clusters of the alkylated 68-92 of
Prx1C83S at m/z values of 2808.6533 (with DTT) and
2808.5066 (without DTT). These results further confirmed
that the oxidation of Cys®® contributes to the loss of the
68 —92 ion signal of wild type Prx1.

The Cys®3-Cys®? Disulfide Bond Is Present at the Dimer-
Dimer Interface of Prxl1 Decamer—X-ray crystallographic
studies were conducted to determine the three-dimensional
structure of human Prx1 protein. The crystal structure
determined at 3.2 A (R-factor value of 0.299 and R-free value
of 0.328) clearly demonstrated that human Prx1 is present as
a decamer, in which five homodimers associate around a
local 5-fold rotational axis forming a doughnut-shaped oli-
gomer (Fig. 9A4). The crystallographic data also provided
direct evidence that the Cys®? residues at the DD interfaces
are all involved in the formation of disulfide bridges across
dimers. The electron density maps of the five interfaces show
the presence of disulfide bonds at DD interfaces (Fig. 9B),
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demonstrating that Prx1 is locked into a decameric form
through interfacial disulfide bond formation. One
homodimeric Prx1 molecule is shown in Fig. 9C, pointing
out the locations of interfacial Cys®**—Cys®? disulfide bonds.
The locations of the Cys®? and Cys'”? residues are shown for
reference. Given that the Cys®? residue is approximately 13 A
apart from the Cys'”? in each homodimer unit, it is unlikely
that the Cys®* and Cys'”? are linked by a disulfide bond. The
overoxidation status of Cys®> could not be ascertained from
the crystallographic information.

DISCUSSION

Human Prx1 and Prx2 have been studied independently in
anumber of cell and animal systems and have been shown to
influence the survival, proliferation, and treatment response
of cancer cells. In this study, we demonstrated that human
Prx1 and Prx2 possess unique functions and regulatory mecha-
nisms. Prx1 displays a greater molecular chaperone activity than
Prx2 as assessed by its ability to inhibit the thermal aggregation of
substrate proteins such as MDH. The peroxidase activity of Prx1,
on the other hand, is more susceptible to inactivation by H,O,
than that of Prx2. Consistent with this finding, the catalytic Cys
residue of Prx1 is more prone to overoxidation than that of Prx2.
Amino acid sequence analysis indicates that there is a cysteine
residue at position 83 that is unique to Prx1. Our mutagenesis,
biochemical, mass spectrometry, computer modeling, and x-ray
crystallographic results are congruent with the hypothesis that the
redox-sensitive Cys®® of human Prx1 plays an important role in
modifying the molecular characteristics of Prx1. The substitution
of Cys®® to Ser®® (Prx1C83S) results in dramatic changes in the
structural and functional properties of human Prx1 in a direction
that aligns more closely to human Prx2.

Our results show that compared with Prx1, the peroxidase
activity of Prx2 is not as easily inactivated as Prx1 during a catalytic
cycle. Although our studies are done using purified proteins in
cell-free systems, we propose that Prx2 may be physiologically bet-
ter suited as a peroxidase enzyme. This hypothesis is consistent
with the recent study demonstrating the H,O, catalytic activity of
Prx2 in regulating PDGF signaling. Prx2, but not Prx1, translocates
to the membrane and eliminates H,O, that was generated upon
PDGF receptor activation in response to PDGF binding to the
receptor (40). The catalytic Cys residue of Prx2 is not overoxidized
in this condition. According to the available x-ray crystallographic
information and the results presented in this study, the regional
structure surrounding the active site Cys appears to differ between
Prx1 and Prx2; the catalytic Cys in Prx1 appears to be surrounded
by several hydrophobic residues (41), whereas access to the active
site Cys in Prx2 appears to be restricted by Phe®! of the adjacent
Prx2 dimer (23). This may account in part for the resistance of Prx2
to overoxidation during the catalytic cycle. Because the de novo
synthesis of H,0, during PDGF signaling is likely occur in a very
restricted region localized around the PDGF receptor, a preferen-
tial translocation of Prx2 from the cytosol to the membrane may
also contribute to the peroxidase function of Prx2 during PDGF
signaling.

The Cys® residue of Prxl is located at the DD interface.
Sequence alignment indicates that Cys®** is conserved only in
mammalian Prx1, including human, bovine, rat, and mouse, but
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FIGURE 8. Analysis of digested human Prx1 and Prx1C83S by MALDI-TOF mass spectrometry. A, Prx1 protein was digested with trypsin, and
MALDI-TOF mass spectrometry was performed in a positive reflectron mode. The locations of the peptide ions containing the Cys®? and Cys'”? residue
are marked. B, MALDI-TOF mass spectra of the trypsin-digested Prx1C83S. The locations of the peptide ions containing the Cys®?, Cys”'/Ser®?, and Cys'”3
are marked. G, Cys residues in Prx1 were alkylated with IAA followed by the presence (+DTT/+IAA) or absence (—DTT/+IAA) of DTT treatment. The
protein was digested with trypsin and subjected to MALDI-TOF mass spectrometry, and the natural isotopic patterns of the Cys®® containing peptide ion
were obtained. Note the restoration of the Cys®3*-containing peptide ion with the m/z value of 2881.6497 in the DTT-treated sample (+DTT/+1AA). The
theoretical m/z value of Cys”2- and Cys®3-alkylated 68 -92 peptide ion is 2881.4221. D, natural isotopic patterns of the alkylated Cys®3-containing peptide
ion at2808.6533 (+DTT/+1AA) were overlaid with those of the 2808.5066 ion (—DTT/—IAA). The theoretical m/z value of Cys’? alkylated 68 -92 Prx1C83S
peptide ion is 2808.4208.
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TABLE 2

Theoretical and experimental molecular masses of the Cys>2-, Cys”"/Cys®3-, Cys”"/Ser®3-, and Cys'”3-containing peptide ions of Prx1 and

PrxC83S tryptic digests

The underline indicates the position of the Cys residue. The location of the Ser®? is also underlined.

Residues Peptide sequence Theoretical [M + H]* Experimental [M + H]*
Prx1 38-62 (K) YVVFFFYPLDFTFVCPTEIIAFSDR (A) 3036.4900 3036.7607
68-92 (K) KLNCQVIGASVDSHFCHLAWVNTPK (K) 2767.3800 ND*
169-190 (K) HGEVCPAGWKPGSDTIKPDVQK (S) 2349.1700 2349.2420
Prx1C83S 38-62 (K) YVVFFFYPLDFTFVCPTEIIAFSDR (A) 3036.4900 3036.8372
68-92 (K) KLNCQVIGASVDSHFSHLAWVNTPK (K) 2751.3134 2751.6653
169-190 (K) HGEVCPAGWKPGSDTIKPDVQK (S) 2349.1700 23494114

“ND indicates not detected.

Cys®-Cys® disulfide

Cys®-Cys® disulfide— 3. '
~ N

FIGURE 9. The presence of Cys®3*-Cys®® disulfide bond at the DD interface of the decameric structure of
human Prx1. A, ribbon diagram of the decameric structure of human Prx1 as determined at 3.2 A resolution.
Each polypeptide chain is shown in a different color. The DD interface and the homodimer serving as a building
block for a decamer are indicated. The 5-fold rotational symmetry axis is at the center of the doughnut-shaped
structure and nearly perpendicular on its plane. B, five sections of electron density maps (drawn in blue) from
five DD interfaces showing the experimental electron densities of the Cys®3-Cys®? disulfide bonds (in green) at
the DD interfaces of a decameric Prx1. The sections are arranged about the 5-fold rotation axis to illustrate the
orientations of the dimers. Homodimer pairs are labeled as A-B, C-D, E-F, G-H, and I-J. C, close-up view of a Prx1
dimer along the local 2-fold rotational symmetry axis. The locations of the Cys>? and domain-swapped Cys'”*
inmonomers Eand F are shown. Two Cys®3-Cys®? disulfide bonds linking the EF dimer to ABand 1) dimers at the
DD interfaces are also visible.

ture of human Prx1 demonstrated
the presence of Cys**-Cys®-linked
disulfide bond at each of the five DD
interfaces of the decameric Prxl.
Although our mass spectrometry
studies provided an accurate molecu-
lar mass corresponding to the Prx1
decamer, we were not able to detect
the Cys®*—Cys®**-linked peptide ion
under the mass spectrometry condi-
tions that were tested. It is possible
that our inability to obtain a Cys**—
Cys®® peptide ion or its fragments
could result from deformation of the
peptide during the gas phase ioniza-
tion by some unknown mechanisms.
Because the nonbonded contact dis-
tance is very close (the nonbonded
S—Sdistance is ~2.42A at y, = —180°
or ~4.0A at y, = —60°) with a possi-
ble entropic gain of a hydrophobic
surface, we cannot exclude the possi-
bility that Prx1 could pack tightly at
the DD interface without having to
form a Cys**-Cys®® covalent linkage
across the dimers. A Ser® substitu-
tion is likely to alter the DD interface
in at least two ways. First, it makes the
surface less hydrophobic and more
polar. Second, the van der Waals
radius of oxygen (in Ser®®) is 1.40 A, as
opposed to 1.85 A for sulfur (in
Cys®®). Thus, Ser will render the DD
packing less tight. These conse-
quences would have a destabilizing
effect in Ser®3*-substituted Prx1 and
make decamer formation energeti-
cally less favorable.

not in bacteria, yeast, or parasite orthologs of Prxs (Fig. 10). We
propose that Cys®® may have been gained later in evolution, per-
haps for the functional specialization of Prx1 in mammalian spe-
cies. Our results indicate that Cys®* may increase the affinity
between the dimers at the DD interface, thereby enabling the for-
mation of a decamer as a preferred structure. How might the sub-
stitution of Cys® to Ser®® decrease the stability of the DD inter-
face? A disulfide bridge across the DD interface may be a
possibility. Our crystallographic analysis of the molecular struc-
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How might the structural property of Prx1 explain its molec-
ular chaperone activity and greater sensitivity to inactivation by
H,0,? According to the previously proposed mechanism (24,
25), the H,O, catalytic cycle of Prxs requires a decamer to
dimer transition through local unfolding of the loops contain-
ing the catalytic Cys®? and the Cys'”?. If Cys® stabilizes the DD
interface of Prx1 and discourages local unfolding, the active site
Cys engaged in a catalytic cycle would not be able to form an
inter-molecular disulfide bond and its subsequent reduction by
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FIGURE 10. Multiple sequence alignments of mammalian Prx1, Prx2, and Prx orthologs across species. The respective Prx1 and Prx2 amino acid
sequences of human (hPrx1 and hPrx2), rat (rPrx1 and rPrx2), mouse (mPrx1 and mPrx2), and bovine (bPrx1 and bPrx2) are aligned with those of Saccharomyces
cerevisiae (yTSA1 and yTSA2), Crithidia fasciculata (CfTpx), and Salmonella typhimurium (AhpC) Prx orthologs using ClustalW. The conserved (identical or similar)
amino acid residues are shown by shading; darker shading indicates identical residues, and lighter shading indicates similar residues. The location of the Cys

residue corresponding to the Cys®® of human Prx1 is marked with an asterisk.

thioredoxin to complete the cycle. As a result, Prx1 is more
prone to overoxidation, which in turn may lead to a more stable
and compact oligomeric structure. This property may explain
why Prx1 is a better molecular chaperone than Prx2. An inter-
esting analogy appears to exist in the isoforms of glutathione
peroxidase (Gpx). Although several Gpx isoforms act primarily
as an antioxidant peroxidase, the phospholipid hydroperoxide
Gpx (PHGpx) forms a capsule around sperm mitochondrion in
the testis (42, 43). The PHGpx in the capsule is oxidatively
cross-linked and enzymatically inactive. Because both Prx and
Gpx systems utilize NADPH as an ultimate reducing source,
the functions of the two peroxidase systems can be comple-
mentary or inter-dependent in certain cell types and tissues.
Similar to the Prx system, functional specialization of the
Gpx system might have been developed during evolution.
Lines of evidence suggests that overoxidation of the cata-
lytic Cys may allow a mechanism of structural and functional
switching of Prx from a peroxidase enzyme to a molecular
chaperone. This hypothesis is consistent with the behavior
of Prx1 in interacting physically with various cellular pro-
teins. Using a yeast two-hybrid system, the interaction of

JULY 27, 2007 - VOLUME 282+NUMBER 30

Prx1 with the Src homology 3 domain of c-Abl, the Myc Box
II domain of c-Myc, and the macrophage inhibiting factor
has been demonstrated (44 —46). We recently reported that
Prx1 suppresses radiation-induced JNK signaling and apo-
ptosis in lung cancer cells (31). Our results demonstrated
that the INK inhibitory effect is mediated through the inter-
action of Prx1 with the GSTpi-JNK complex, thereby pre-
venting JNK release from the complex. The interaction of
Prx1 with growth regulatory and signaling proteins may be
responsible for the wide range of effects attributed to Prx1
(29, 47-50). Whether Prx2 behaves similarly to Prx1 in this
respect is presently unknown.

In addition, the regulation of Prx1l and Prx2 expression
appears to vary widely among different cell types. In the
brain, Prx1 is expressed in astrocytes, whereas Prx2 is
expressed in neurons (51). Prx1 is preferentially expressed in
the Leydig cells, whereas Prx2 predominates in the Sertoli
cells in the testis (52). These observations indicate that the
cell type- and tissue-specific expression of Prx1 and Prx2
would also contribute to their respective activities in certain
cells and tissues, but not in others. In this study, we provide
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evidence to support the existence of inherent structural and
functional differences between Prx1 and Prx2 at the protein
level. We show that the differences between the two highly
homologous proteins are attributable in part to the unique
presence of Cys®® in Prx1. The significance of this study is
underlined by the realization that the differential molecular
characteristics of Prx1 and Prx2 would continue to influence
their molecular behaviors in various biological systems and
also under a diverse environmental and genetic context. The
information obtained in this study would provide a concep-
tual framework for further studies to delineate the physio-
logical (or pathophysiological) functions of Prx1 and Prx2.
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