
Abstract. Peroxiredoxin III (Prx III), an antioxidant protein
found in mitochondria, plays an essential role in mitochondrial
homeostasis. Aberrant expression of Prx III has been implicated
in the tumorigenesis of various cancers. In this study, we
evaluated the expression of Prx III in breast cancer tissues
and elucidated its role in cell proliferation, a hallmark of
cancer. Breast tissue microarrays comprising 106 breast
cancer sections were stained with Prx III antibody using
immunohistochemisty and correlated with proliferating cell
nuclear antigen (PCNA) immunostaining. To validate the
role of Prx III in cell proliferation, expression of Prx III
was analyzed at the mRNA and protein levels by real-time
RT-PCR, Western blotting and immunofluorescence in vitro.
siRNA mediated silencing of Prx III in MDA-MB-231 breast
cancer cells was performed and the effect on the cell cycle
was examined. Prx III expression in patient tissue microarray
samples was found to be positively associated with PCNA
immunostaining, a proliferative marker. Prx III was expressed
in both MCF-7 and MDA-MB-231 breast cancer cell lines
and transient transfection with siPrx III in MDA-MB-231
cells induced inhibition of cell proliferation and cell cycle
arrest. The data suggests that Prx III has a significant role
in cell cycle regulation and could be a potential proliferation
marker in breast cancer. 

Introduction

The incidence of breast cancer worldwide has been ranked
second after lung cancer (1). However, early detection and
appropriate intervention has led to a decreasing rate of
mortality in women afflicted with breast cancer. Due to the

heterogeneous molecular profiles in breast cancer, an under-
standing of breast cancer progression would improve the
diagnosis and enhance the therapeutic outcome (2,3).

Peroxiredoxins (Prxs) are highly conserved small proteins
(22-27 kDa) that belong to a group of thiol-specific antioxidant
enzymes which are able to catalyze the reduction of hydrogen
peroxide (H2O2) in the presence of thioredoxin (4-9). Prxs
serve divergent functions such as protecting cells against
oxidative stress, regulating cell signaling associated with H2O2

as a secondary messenger, and influencing cell differentiation
and proliferation, immune response and apoptosis (8,10,11).
The six mammalian Prx isoforms identified can be further
classified into three subgroups based on the content of redox-
active cysteine residues in the catalytic center which are
involved in peroxidase activity (7). 

Prx III, originally cloned out of murine erythroleukemia
cells, is found exclusively in mitochondria due to the presence
of a mitochondrial targeting sequence (12,13). Prx III has
been identified as a target gene induced by oncogenic c-Myc
(14). Prx III was observed to be overexpressed in hepatocellular
carcinoma (15) and breast carcinoma (16,17). Noh et al (16)
observed no significant relationship between Prx III expression
and clinicopathological parameters such as tumor size,
lymphatic invasiveness, hormone receptor status and histo-
logical grade in 24 breast cancer tissues. However, increased
expression of Prx III was found to be associated with hormonal
receptor (estrogen receptor and progesterone receptor) status
in a series of more than 400 cases of breast cancer analyzed
(17). It has been reported that depletion of Prx III in HeLa
cells elevates intracellular levels of H2O2 and sensitizes
cells to staurosporine or TNF-· induced apoptosis (18).
Similarly overexpressing Prx III-transfected thymoma cells
are protected against H2O2-induced apoptosis (19).

In this study, we examined the immunohistochemical
expression of Prx III in breast carcinoma tissues and correlated
the expression with PCNA staining, a marker that is used
in breast cancer diagnosis and prognosis to evaluate cell
proliferation (20,21). We found a positive association of
Prx III expression with PCNA immunostaining. To validate
the involvement of Prx III in cell proliferation, we determined
its expression in breast cancer cell lines and down-regulated
Prx III gene and protein expression using small interfering
RNA (siRNA). We found that depletion of Prx III inhibited
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cell proliferation and cell cycle progression in MDA-MB-231
breast cancer cells. 

Materials and methods

Clinical specimens. A total of 106 cases of archival invasive
ductal breast cancers obtained from patients who had surgery
at the Singapore General Hospital (SGH) and approved by
the Institutional Review Board were used in this study. The
biopsies were fixed in 10% formalin and tissue microarrays
were constructed. The histological diagnosis was made on
hematoxylin and eosin (H&E) stained slides according to
standard criteria. 

Immunohistochemistry. Immunohistochemistry was carried
out on breast tissue microarrays by an automated method
with the Leica Bond™ system. Polyclonal Prx III antibody
(1:1500 dilution) and PCNA antibody (1:200 dilution) were
used for the immunohistochemical staining. Negative control
was performed by using the diluent in place of the primary
antibodies. The immunohistochemical staining results of the
patients tissues were evaluated based on the percentage of
tumor cells stained with Prx III and PCNA antibodies.

Cell culture. Breast cancer cell lines were obtained from
America Type Culture Collection (Rockville, MD). MCF-7
breast cancer cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) with 10% fetal bovine serum (FBS)
(Hyclone Laboratories, Logan, UT). MDA-MB-231 breast
cancer cells were grown in RPMI-1640 containing 10% FBS.
Both cell lines were grown in an incubator at 37˚C with 5%
CO2/95% air. 

Real-time reverse transcription-polymerase chain reaction
(real-time RT-PCR). Total RNA was extracted from cells
using the RNeasy® Mini Kit (Qiagen GmbH, Germany). The
quantity and quality of total RNA were quantified with the
NanoDrop ND-1000 Spectrophotometer (Thermo Scientific
Inc., Waltham, MA) via measurement of the absorbance of the
RNA sample at a wavelength of 260 and 280 nm. RNA (1 μg)
was reverse transcribed to cDNA using the SuperScript™ III
First-Strand Synthesis System (Invitrogen, Carlsbad, CA) with
random hexamers according to the manufacturer's protocol.
The resulting cDNA was diluted and used as a template for
real-time PCR using LightCycler (Roche Diagnostics GmbH,
Mannheim, Germany). The primer sequences for Prx III used
were: 5'-TTA AAC ATG GTT AGT TGC TAG TAC AAG
GA-3' forward primer, 5'-TTG AGA CAT GAT CTA AGA
ATA GCC TTC TA-3' reverse primer; and for GAPDH 5'-
GAA GGT GAA GGT CGG AGT CAA-3' forward primer
and 5'-TGC CAT GGG TGG AAT CAT ATT GG-3' reverse
primer. The PCR conditions used were initial denaturation at
95˚C for 15 min, followed by 45 cycles of denaturation at
94˚C for 15 sec, annealing at 60˚C for 25 sec and extension
at 72˚C for 15 sec.

Western blotting. Cells were washed with PBS and lysed using
ice-cold M-PER® Mammalian Protein Extraction Reagent
(Pierce, Rockford, IL) containing EDTA and protease inhibitor.
The lysate was collected by centrifugation at 13000 rpm for

10 min at 4˚C. The amount of protein was quantified using
the Bradford method (Bio-Rad Laboratories, Hercules, CA)
and 20 μg of protein samples were loaded to 10% SDS-PAGE
gel and were separated by electrophoresis. Separated proteins
were then transferred onto a polyvinylidenefluoride (PVDF)
membrane (Bio-Rad Laboratories) and blocked overnight
in 5% non-fat milk in Tris-buffered saline with 0.1% Tween.
The blot was incubated with Prx III rabbit polyclonal primary
antibody (1:10,000, Abcam, Cambridge, UK) followed by
horseradish peroxidase-conjugated donkey anti-rabbit
secondary antibody (1:6000, GE Healthcare Ltd, UK). The blot
was visualized by Super Signal West Pico Chemiluminescent
substrate (Pierce, Rockford, IL, USA). Antibody against ß-
actin was used as loading control for the experiment. The X-
ray film obtained was analysed and quantified by densito-
metry using the GS-710 densitometer (Bio-Rad) and Quantity
One® software. 

Immunofluorescence. MCF-7 cells were cultured on Lab-
Tek™ Chambered Coverglass (Thermo Fisher Scientific,
Rochester, NY) at a density of 3x104 cells per chamber.
Upon reaching 70% confluency, culture media was removed;
cells were washed and fixed with 4% paraformaldehyde
(PFA) and permeabilized with 0.1% Triton X-100 in PBS
(PBS-TX). To avoid non-specific binding of antibody, cells
were blocked with 1% bovine serum albumin (BSA) prepared
in PBS. Lastly, cells were incubated with Prx III antibodies
(1:200 dilution) and FITC conjugated secondary mouse
anti-rabbit antibody (1:200, Sigma, St. Louis, MO). Cells
were visualized using the Olympus Fluoview™ confocal
microscope (Tokyo, Japan) and confocal fluorescence images
were taken. 

Transfection with small interfering RNA (siRNA). Human
Prx III ON-TARGETplus SMARTpool siRNA and non-
targeting pool siRNA were obtained from Dharmacon
(Chicago, IL). The siRNAs include Prx III siRNA duplex
no. 1 (5'-GUAGAUCACCCAUGUGUAU-3'), duplex no. 2
(5'-GAACAUCGCACUCUUGUCA-3'), duplex no. 3 (5'-AGA
CUACGGUGUGCUGUUA-3') and duplex no. 4 (5'-GAGC
UUGACAAAUUUAUUG). Cells were seeded onto 6-well
plates at a density of 2.5x105 cells/well for 24 h before trans-
fection. MDA-MB-231 breast cancer cells were transfected
with siPrx3 and non-targeting pool siRNA was used as a
control. The siRNAs were prepared at a final concentration of
20 nmol/l with DharmaFECT 1 transfection reagent and added
to cells for 24 h according to the manufacturer's instructions.
MDA-MB-231 cells were harvested at 48 h for total RNA
preparation and gene expression analysis or at 72 h for protein
extraction. 

Cell viability assay. Cell viability was examined with the
CellTiter 96® AQueous Non-Radioactive Cell Proliferation
Assay (Promega, Madison, WI). The dye solution was added
to the cells at 48 h post transfection and incubated for up to 4 h
at 37˚C in a humidified, 5% CO2 incubator. The absorbance
was read at 490 nm using the Tecan 2000 microplate reader. 

Cell cycle analysis. Control and transfected cells were har-
vested at 48 h and pelleted by centrifugation. Cell pellet was
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resuspended in 0.5 ml PBS and fixed in 4.5 ml 70% cold
ethanol overnight at 4˚C. Ethanol-fixed cells were washed
twice with PBS before resuspending with 200 μg/ml propidium
iodide solution containing 1 mg/ml RNAse A, PBS and
Triton-X. Cells were incubated at room temperature for 30 min
to allow the DNA content of cells to be stained before
analysis by flow cytometry. 

Statistical analysis. The GraphPad Prism software (San Diego,
CA) was used for statistical analysis. For the TMA immuno-
staining results, Spearman's correlation was used to compare
between continuous variables. Unpaired t-test was performed
for comparison of two groups in the in vitro experiments.
The in vitro data were expressed as mean ± SEM of at least
three independent experiments. p<0.05 was considered as
statistically significant.

Results

Prx III expression correlates with PCNA immunohistochemical
staining. All the 106 breast cancer sections showed positive

staining for Prx III (Fig. 1A). Prx III immunostaining was
localized to the cytoplasm as opposed to the negative control
in which there was no staining observed (Fig. 1B). Positive
PCNA staining was present in the nuclei of breast cancer
cells in 100 out of 106 (94.3%) breast cancer cases (Fig. 1C).
Six out of 106 (5.7%) breast cancer sections had negative
PCNA staining (Fig. 1D). In addition, a significant positive
relationship was observed between the expression of Prx III
and PCNA immunostaining (p=0.0295; r=0.2116). Breast
cancer sections with higher Prx III staining were associated
with increased PCNA labeling. 

Prx III is expressed in MCF-7 and MDA-MB-231 breast
cancer cell lines. To evaluate the expression of Prx III levels
in non-invasive MCF-7 breast cancer cells and highly invasive
MDA-MB-231 breast cancer cells, real-time RT-PCR and
Western blotting were performed. Prx III was found to be
expressed in both breast cancer cell lines at mRNA and
protein levels (Fig. 2). Immunofluorescence revealed the
localization of Prx III as a diffuse speckled pattern in the
cytoplasm of MCF-7 cells (Fig. 1E). 
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Figure 1. Immunohistochemical expression of Prx III and PCNA in breast
cancer. (A) Positive immunostaining of Prx III in patient breast tumour
sections. (B) Negative control for Prx III immunostaining in breast cancer
tissue section. (C) Positive nuclear PCNA staining in breast cancer tissue.
(D) Negative PCNA staining in breast cancer tissue. (E) Prx III immuno-
fluorescence staining in MCF-7 breast cancer cells. Nuclei were counter-
stained blue with DAPI dye. Confocal microscopy; bar, 50 μm. 
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Silencing of Prx III gene inhibits cell proliferation. Transfection
of MDA-MB-231 cells with siRNA targeted against Prx III
successfully reduced Prx III mRNA level by 97% at 48 h
post transfection (Fig. 3A). Down-regulation of the Prx III
protein was verified by Western blot analysis at 72 h post-
transfection which showed a reduction in the expression of
Prx III protein by 83.6% (Fig. 3B). Cell proliferation was
significantly inhibited by 49% in siPrx III treated cells as
compared to siNegative treated cells at 48 h post-transfection
(Fig. 4, p=0.0027). 

Silencing of Prx III gene induces dysregulation of the cell cycle.
In addition, silencing of the Prx III gene also increased the
percentages of cells in sub-G1 and G1 phases and decreased
the percentages of cells in the S and G2/M phases (Fig. 5).

There was a slight increase in the percentage of apoptotic
cells in siPrx III treated cells as compared to siNegative
treated cells from 1.8 to 2.1% (p=0.0309). siPrx III treated
cells showed a significantly higher percentage of cells in the
G1 phase (62%) as compared to siNegative treated cells
(57%; p=0.0282). A decrease in the number of cells in S phase
was also observed for siPrx III treated cells as compared to
siNegative treated cells (8.5% compared with 9.5%, p=0.045).
For the G2/M phase, there was a significant reduction in
the percentage of cells in siPrx III treated cells (16.5%) as
compared with siNegative treated cells (20.7%; p=0.0047).
The sum total of the S phase and G2/M phase, which is
indicative of cell proliferation, was significantly higher in
siNegative treated cells (30.2%) as compared with siPrx III
treated cells (25%). 

CHUA et al:  PEROXIREDOXIN III IN BREAST CANCER362

Figure 2. Expression of Prx III mRNA and proteins in MCF-7 and MDA-
MB-231 cell lines. (A) Expression of Prx III mRNA was detected in both
breast cancer cell lines. Bar charts show the ΔCt values for Prx III expression
after normalizing to G3PDH gene expression. The higher the ΔCt level, the
lower the expression. (B) Western blot analysis showing protein bands of
Prx III and ß-actin from MCF-7 and MDA-MB-231 breast cancer cells. Bar
charts show the optical density (OD) ratio of Prx III protein expression in
both cell lines with ß-actin as the loading control. Experiments were done in
triplicates. Data are expressed as means ± SEM. *p<0.05.

Figure 3. siPrx III down-regulates the expression of Prx III at both mRNA
and protein levels. (A) MDA-MB-231 cells were seeded on 6-well plate and
transfection with siNegative control and siPrx III were carried out. Total
RNA was extracted 48 h post-transfection and 1 μg of RNA for each sample
was converted to cDNA. mRNA expression of Prx III was analyzed using
qualitative real-time RT-PCR. (B) Protein extraction was done 72 h post-
transfection and Western blotting was performed using antibodies against
Prx III and ß-actin (loading control for the experiment). A representative
blot is shown with densitometric quantification of the protein bands.
Experiments were done in triplicates. Data are expressed as means ± SEM.
***p<0.001. 
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Discussion

The multifunctional Prx family of proteins has been implicated
in breast carcinogenesis. Prx I has been shown to suppress
oncogenic Ras effector pathways in mammary epithelial
cells by regulating PTEN/AKT activity (22). Prx II has been
reported to induce resistance of breast cancer cells to ionizing
radiation by reducing intracellular reactive oxygen species
levels (23). Prxs IV and VI are reported to be overexpressed
in progesterone receptor-positive breast cancer cases and
Prx V expression has been associated with larger tumor size
and positive lymph node status (17). Overexpression of Prx III
in breast cancer tissues as compared to normal breast epithelial
cells which have been previously reported (16,17) could
confer selective advantage to carcinomas. Our data showed a
positive correlation between cell proliferation (a hallmark of
cancer) determined by PCNA immunohistochemical staining
and Prx III expression in breast cancer tissues.

To validate the immunohistochemical findings in the
TMAs, we successfully knocked down Prx III mRNA and
protein expression in MDA-MB-231 breast cancer cells
using short interfering RNA. We observed a decrease in cell
proliferation and cell cycle progression, affecting mainly the
S phase and G2/M phase which are the proliferative phases
of the cell cycle. Mitochondrial Prx III has been reported to
be an important regulator of H2O2 in the cell (19). We have
also recently shown that high levels of hydrogen peroxide
induced G1/S phase cell cycle arrest with increased apoptosis
in MCF-7 breast cancer cells with modulation of Cytoglobin,
Forkhead box M1, NADPH oxidase (Nudix nucleoside
diphosphate linked moiety X)-type motif 1 and Selenoprotein
P1 genes (24). 

On the other hand, low levels of H2O2 may be involved in
oxidative stress mediated signaling, serving as a secondary
messenger which activate multiple signal transduction path-
ways (25). Low or intermediate levels of oxidative stress have
been reported to be pro-tumorigenic, promoting proliferation
of cells, tumor development and progression (26,27). Besides
controlling the concentration of H2O2, Prx III, a 2-Cys Prx
has the distinctive feature of undergoing reversible substrate-
mediated inactivation and hence, provides a redox-switch
mechanism which could regulate oxidative stress mediated
signaling relative to the levels of H2O2 (28). It has been
reported that H2O2 activates apoptosis signal-regulating
kinase 1, a serine-threonine kinase which subsequently
stimulates both the p38 and c-Jun N-terminal kinase (JNK)
pathways, and induces a variety of cellular responses such as
proliferation and apoptosis (29). 

Markers of proliferation which have been investigated in
breast cancer include proliferation associated antigens such
as Ki-67 and MIB 1, cyclins such as cyclin E and cyclin D1,
cyclin-dependent kinase inhibitors such as p27, p21WAF1

(wild-type p53 activated fragment 1) also known as cyclin-
dependent kinase-interacting protein 1 (CIP1) and topo-
isomerase II·, an essential nuclear DNA-binding enzyme
(30). In the more recent studies, Cyclin A was found to be a
proliferative marker with good prognostic value in axillary
lymph node-negative breast cancer patients (31) and trans-
ferrin receptor, CD71, which is involved in the cellular
uptake of iron, was observed to promote growth of endocrine
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Figure 4. Silencing of Prx III gene induces anti-proliferative activity by
inhibiting cell proliferation in MDA-MB-231 breast cancer cells. Cell
proliferation at 48 h post-transfection was determined by CellTiter 96®

AQueous Non-Radioactive Cell Proliferation Assay. The absorbance was
measured at 490 nm wavelength by using a microplate reader. Data shown
are means ± SEM of three independent experiments. ***p<0.001. 

Figure 5. Silencing of Prx III gene affects the cell cycle phases in MDA-
MB-231 breast cancer cells. (A) Representative cell cycle profile for
siPrx III treated cells. The DNA content of cells were stained with
propidium iodide and analyzed with flow cytometry. (B) The bar chart
shows the percentage of cells in various phases of cell cycle for siNegative
treated cells and siPrx III treated cells at 48 h post-transfection. *p<0.05 and
**p<0.01.
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resistant breast cancer phenotypes (32). Metallothionein,
the metal binding family of proteins are reported to increase
cell proliferation in breast cancer (33) and specifically the
MT-2A isoform via the ATM/Chk2/ cdc25A pathway (34).
Proteolytic conversion of syndecan-1 (a heparan sulfate proteo-
glycan) from a membrane-bound into a soluble molecule
was observed to transform MCF 7 breast cancer cells from a
proliferative to an invasive phenotype (35).

In conclusion, we have shown in this study that Prx III
expression is correlated with cell proliferation in breast cancer
tissues. The in vitro experiments have verified that Prx III is
important for cell proliferation in breast cancer cells. Further
studies to elucidate the detailed mechanistic pathway(s) by
which Prx III affects cell proliferation would provide valuable
information on the factors influencing progression of breast
cancer, allowing the development of therapeutic strategies.
Taken together, Prx III could be a potential molecular thera-
peutic target and a useful proliferation marker in breast cancer.
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