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Abstract. Peroxiredoxin (Prdx) proteins are thiol-specific 
antioxidants that protect cells from oxidative stress in many 
normal and disease states. There are six Prdx proteins 
expressed in mammals, each with a characteristic tissue 
expression, subcellular distribution and substrate specificity. 
Recent studies have revealed elevated Prdx levels in many 
cancers, suggesting a protective role for these proteins in 
cancer cell survival. The present study is the first to investi-
gate the function of all six Prdx proteins in the MCF-7 breast 
cancer cell line. We show that these cells have both higher 
resistance to doxorubicin‑induced toxicity and significantly 
elevated Prdx levels, compared to the non‑cancer MCF-10A 
cells. Using transient siRNA transfections, we show that 
Prdx3 suppression leads to decreased MCF-7 cell survival 
in the absence of doxorubicin. We further demonstrate that 
individual suppression of four of six of the Prdx proteins 
leads to increased doxorubicin-induced toxicity by apoptosis. 
Finally, we show that clonal selection of a doxorubicin-resis-
tant MCF-7 subline by 2-week culture in 0.1 µM doxorubicin 
resulted in a marked elevation in the expression of several 
Prdx proteins. Together, these data reveal a protective func-
tion for peroxiredoxins in MCF-7 cell survival, and suggest 
that Prdx overexpression in breast cancer may play a role in 
doxorubicin-resistance in these, and possibly other, breast 
cancer cells. This study is the first to investigate the function 
of the entire Prdx family in a breast cancer cell line.

Introduction

The peroxiredoxins (Prdxs) are a ubiquitous family of 
evolutionarily conserved antioxidant proteins that reduce 
aqueous and lipid peroxides associated with normal 

metabolism (1-3). There are six members of the mammalian 
peroxiredoxin family, which can be subdivided into three 
classes: the 2-Cys Prdxs (Prdx1-4), the atypical 2-Cys Prdx 
(Prdx5) and the 1-Cys Prdx (Prdx6). These proteins reduce 
cellular substrates by converting their active-site cysteines 
to sulfenic acid, which can be re-reduced by thiols such as 
ascorbic acid or glutathione through different mechanisms 
for different classes. These proteins are highly abundant 
in mammalian cells, suggesting an important role in anti-
oxidant defense. In addition, peroxiredoxins participate in 
redox-sensitive signal transduction pathways, and are know 
to have effects on cell growth, proliferation, differentiation 
and apoptosis (4,5).

It has long been recognized that cancer cells harbor 
elevated levels of highly reactive oxygen species (ROS) 
such as hydrogen peroxide and superoxide (6,7), exhibiting 
many signs of an oxidatively stressed environment. There 
is evidence that this oxidative stress may be a factor in both 
cancer initiation and/or cancer progression, depending on 
the tumor (8). Unlike normal cells, which are susceptible to 
cytotoxicity from such high levels of ROS, cancer cells are 
relatively resistant and can evade cell death, yet the precise 
mechanisms are not clear. Over the past several years, studies 
have reported overexpression of Prdxs in several types of 
cancer  (9-14), and there is mounting evidence that Prdxs 
play a role in carcinogenesis (9,15-19). These data suggest 
that cancer cell resistance to ROS may be provided, at least 
in part, through peroxiredoxin overexpression, leading to 
increased antioxidant activity and/or alteration in key redox-
regulated growth and death pathways. However, there is very 
little understanding of the precise role peroxiredoxins play 
in this protection or the mechanism that governs increased 
peroxiredoxin expression in cancer cells.

Many studies have reported that breast tumors exhibit 
elevated levels of Prdxs compared to normal breast epithelial 
tissue (10,12,16,20). Furthermore, based on evidence that an 
adaptive oxidative stress response is critical to chemore-
sistance, it was recently suggested that peroxiredoxins are 
likely to be key players in chemoresistance in breast cancer, 
and may be potential targets for intervention (21). While 
clinical studies are important, a comparison of relevant cell 
lines can be a valuable tool in understanding the role of Prdxs 
in breast cancer biology and drug resistance. We and others 
have shown significant overexpression of Prdxs in the MCF-7 
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adenocarcinoma cell line, as compared to the non‑cancerous 
MCF-10A breast epithelial line (22-24). We previously 
demonstrated that MCF-7 cells are much more resistant to 
H2O2-induced apoptosis than the non-malignant MCF-10A 
breast cells (22). Bae et al also reported elevated Prdx levels 
in MCF-7 cells, and went on to show that overexpression of 
either Prdx1 or Prdx2 in MCF-10A cells conferred resistance 
to H2O2-induced apoptosis  (22). Furthermore, radiation-
resistant lines derived from the MCF-7 cells have elevated 
Prdx2 levels, and Prdx2 suppression in these cells partially 
reversed the radiation resistance (25). Taken together, these 
studies suggest a protective role for Prdxs in breast cancer 
and suggest that use of these cell lines may be an important 
tool in understanding the function of Prdxs in breast cancer.

Based on these data and implications, we sought to 
examine the role of Prdxs in MCF-7 cell survival and doxo-
rubicin-resistance using siRNA-mediated protein suppression. 
Doxorubicin is an anthracycline antibiotic that has been used 
as an effective chemotherapy agent in the treatment of breast 
cancer in patients, although many patients develop resistance 
to the drug leading to aggressive relapse (26). Doxorubicin 
induces oxidative stress and apoptosis in MCF-7 cells (27), 
suggesting that antioxidants may be an important line of 
defense in this and other breast cancer cells. We hypothesized 
that Prdx suppression in MCF-7 cells would decrease the 
viability of these cells and increase their susceptibility to 
doxorubicin-induced toxicity. Likewise, we hypothesized that 
prolonged exposure of MCF-7 cells to doxorubicin would lead 
to induction of Prdx expression.

Materials and methods

Cell culture. MCF-7 cells were cultured in ATCC-formulated 
Eagle's minimum essential medium containing bovine insulin 
(0.01 mg/ml) and 10% fetal bovine serum. MCF-10A cells 
were cultured in MEBM medium, supplemented with BPE 
(13 mg/ml), hydrocortisone (0.5 mg/ml), hEGF (10 µg/ml), 
insulin (5 mg/ml), and cholera toxin (100 ng/ml). Both cell lines 
were cultured at 37˚C in a humidified 5% CO2 atmosphere.

Doxorubicin treatments. To determine resistance to doxoru-
bicin, MCF-7 and MCF10-A cells were cultured in 48-well 
plates and treated the following day with 0.1 or 0.5 µM doxo-
rubicin for 48 h. To determine the effect of Prdx suppression 
on doxorubicin-resistance, MCF-7 cells were allowed to grow 
for 48 h after siRNA transfection and then were treated with 
0.5 µM doxorubicin for an additional 24 h. For generation of 
a doxorubicin-resistant culture, MCF-7 cells were subcultured 
for 14 days in T-75 flasks in the presence of 0.1 µM doxoru-
bicin, with media and treatment replacement every 3-4 days.

Measurement of viable cell density. Cell viability was 
determined using an MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide assay. MCF-7 and MCF-10A cells 
were seeded into separate 48‑well plates in replicate groups 
of four and transfection/treatment experiments conducted. 
After treatment incubation, cells were assayed for MTT at a 
confluency less than 80%. Cells were rinsed with phenol red-
free medium and incubated with 0.5 mg/ml MTT (diluted in 
phenol red-free medium) for 1.5 h at 37˚C. This medium was 

then removed and replaced with 200 µl of acidic isopropanol 
and the plate was rocked for 5 min at room temperature. The 
absorbance of the solubilized product was read at 570 nm 
using the corresponding absorbance of cell-free wells or the 
absorbance at 650 for background subtraction.

Suppression of Prdx1-6 by siRNA. MCF-7 cells were seeded 
into 24‑well plates at 50,000 cells per well. Twenty-four hours 
after seeding, cells were transfected using Silencer Select 
siRNA (Ambion, Austin, TX, USA) for Prdx1-6 (or a nega-
tive control siRNA) at a final concentration of 33 nM using 
the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, 
USA). The siRNA ID#s are as follows: Prdx1 (s10007), Prdx2 
(s13959), Prdx3 (s21507), Prdx4 (s20686), Prdx5 (s24559), 
and Prdx6 (s18429). Briefly, for each well 20  pmoles of 
siRNA was mixed with 1 µl Lipofectamine 2000 reagent and 
98 µl Opti-MEM I serum-free media (Invitrogen), allowed 
to precipitate for 20 min, and subsequently added to wells. 
Transfected cells were cultured for 48 h followed by protein 
extraction and western blot analysis to determine levels of 
Prdx suppression. Transfected cells used for cell viability and 
toxicity assays were treated with or without doxorubicin for an 
additional 24 h prior to end‑point assays.

Western blot analysis. For protein analysis, cells were 
lysed in mammalian protein extraction reagent (MPER) 
(Thermo Scientific, Waltham, MA, USA) according to the 
product suggestions. Protein was quantified using the Coomassie 
Blue Protein Assay Reagent (Bio‑Rad, Hercules, CA, USA), 
and lysates were separated on a 12% Mini Protean TGX gel 
and electrophoretically transferred on to an ImmunBlot PVDF 
membrane (Bio‑Rad). Blots were blocked and incubated with 
primary antibodies from Abcam [anti‑Prdx1 (ab59538), anti-
Prdx2 (ab15572), anti‑Prdx3 (ab16751), anti‑Prdx4 (ab59542), 
anti-Prdx5 (ab16944) anti‑Prdx6 (ab16947); Cambridge, MA, 
USA]. An antibody for GAPDH (Sigma, St. Louis, MO, 
USA) was used as a loading control. Blots were subsequently 
processed with the appropriate secondary antibody and chemi-
luminescent CDP-Star Reagent, and imaged with X-OMAT 
film (Kodak). Bands were quantified using Image J software.

Measurement of cytotoxicity. Cytotoxicity was determined 
by the indirect measurement of lactate dehydrogenase (LDH) 
activity using the Cytotox 96 Assay (Promega, Madison, WI, 
USA). Cells were transfected as described above and cultured 
for 48 h. To measure released LDH, cell medium was removed 
and 40 µl was assayed using an equal volume of substrate mix 
and processed according to manufacturer's recommendations. 
Absorbance was measured at 490 nm and absorbance of media 
blanks (with no cells) was subtracted from each value.

Measurement of apoptosis. A membrane permeability/ 
dead cell apoptosis kit (Invitrogen) and Hoechst 33342 
(Life Technologies) were used to detect cell death. Cells were 
transfected according to the previous methods and treated with 
or without 0.5 µM doxorubicin for 24 h. Cells were stained with 
1 µl/ml Yo-Pro and 1 µg/ml Hoechst dye and photographed 
using phase contrast and fluorescence microscopy. The field of 
view was quantified as a percent of cells staining positive for 
Hoechst and Yo-Pro.
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Statistical analysis. The means of individual treatment groups 
in each quantitative experiment were statistically compared 
using a two-tailed Student's t-test, assuming equal variances.

Results

We first compared the non‑cancerous MCF-10A cell line 
with the MCF-7 breast adenocarcinoma for sensitivity to 
doxorubicin-induced toxicity. As shown in Fig. 1, MCF-10A 
cells exhibited an approximately 50% reduction in viable cells 
after 24 h with 0.1 µM doxorubicin, as compared to untreated 
cells, and a nearly 80% reduction with 0.5 µM doxorubicin. 
In contrast, MCF-7 cells exhibited only a 10 and 20% reduc-
tion in viability with the same treatments, respectively. The 
data show significant tolerance of the MCF-7 cell line to this 
drug treatment. Analysis of peroxiredoxin protein expression 
in these two lines revealed that expression of five of the six 
Prdx proteins (Prdx1-5) are markedly elevated in MCF-7 cells, 
as compared to MCF-10A cells (Fig. 2). Together, these data 
show a correlation between doxorubicin resistance and perox-
iredoxin expression in MCF-7 cells.

In order to address the potential role of Prdxs in MCF-7 
cell survival, we used transient siRNA transfection experi-
ments to suppress individual Prdx proteins in these cells. 
Cells were transfected with 33 nM siRNA and Prdx levels 
measured after 48 h by western blot analysis. As shown in 
Fig. 3A, we were able to greatly reduce the expression of all 
six Prdx proteins by this method. Quantification of these levels 
is shown in Fig. 3B, which demonstrates a range between 70 
and 90% protein suppression relative to cells transfected with 
a negative control siRNA.

Before examining the effect of Prdx suppression on doxo-
rubicin sensitivity, we determined whether Prdx suppression 
in these cells affected their morphology or viability. Seventy- 
two hours after transfection (and 24 h after suppression was 
measured by western blot analysis) the cells were examined 
by phase contrast microscopy and analyzed for cytotoxicity 
using the released LDH assay. First, we found no difference 

in either morphology or cytotoxicity between untransfected 
cells and those transfected with negative control siRNA (data 
not shown). The only morphological change observed in trans-
fected cells was with Prdx3. While negative‑control transfected 
cells appear to have a normal cobblestone-like appearance 
(Fig. 4A), Prdx3-transfected cells are significantly smaller 
and rounder (Fig. 4B). In addition, there were fewer cells in 
all Prdx3-transfected replicate wells. Likewise, cytotoxicity 
was significantly increased in Prdx3-transfected cells in the 
absence of doxorubicin treatment, relative to cells transfected 
with negative control siRNA (Fig. 4B). No other transfection 
condition showed an effect. Together, these data show that 
Prdx3 suppression renders MCF-7 cells more susceptible to 
death in the absence of doxorubicin, suggesting an important 
role for this protein in the general viability of these cells.

To examine the effect of Prdx suppression on doxorubicin 
sensitivity, 48 h after transfection cells were treated with 
0.5 µM doxorubicin for 24 h, viable cell number was measured 
using the MTT assay, which was originally used to compare 
doxorubicin sensitivity in the cancerous and non-cancerous 
cell lines. As shown in Fig. 5A, doxorubicin treatment led to a 

Figure 1. MCF-7 cells are relatively resistant to doxorubicin-induced toxicity. 
MCF-7 and MCF-10A cells were cultured under normal growth conditions 
and seeded into the well plates. Cells were treated for 48 h with 0, 0.1 or 
0.5 µM doxorubicin and viable cells quantified using the MTT assay. An 
average from six replicates for each treatment (± SD) is shown. (p<0.005 for 
MCF-10A treatments vs. control; p<0.05 for MCF-7 treatments vs. control.)

Figure 2. MCF-7 cells express elevated levels of Prdx proteins. MCF-7 and 
MCF-10A cells were cultured under normal growth conditions. Cells were lysed 
and Prdx expression measured by western blot analysis. GAPDH expression 
was used as a loading control.
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significant reduction in MTT absorbance in cells transfected 
with either Prdx1, Prdx2, Prdx3 or Prdx5. The magnitude of 
this decrease was about 40% for Prdx1 and Prdx2, and over 
50% for Prdx3 and Prdx5. These data suggest that reduction 
in the levels of these Prdx proteins in MCF-7 cells inhibits 
growth and/or induces death in response to doxorubicin treat-
ment. We attempted to address this by measuring cell death 
using the Hoechst/Yo-Pro cell staining method. Representative 
phase contrast and fluorescent images are shown for doxoru-
bicin‑treated cells transfected with negative control siRNA, or 
one of the Prdxs that showed an MTT reduction. A reduced cell 
number in all Prdx-transfected cells, compared to the negative 
control, was observed. These data are consistent with the MTT 
data. Analysis of the stained cells shows a marked increase in 

the percentage of dead cells in all Prdx-transfected conditions. 
These data strongly suggest that suppression of Prdx1, Prdx2, 
Prdx3 and Prdx5 in MCF-7 cells increases the susceptibility of 
MCF-7 cells to doxorubicin-induced cell death.

Since our data suggested a role for Prdxs in doxorubicin 
resistance in MCF-7 cells, we asked whether long-term treat-
ment of these cells and selection of a highly resistant subline 
would lead to a concomitant change in Prdx levels. This exper-
iment has important clinical significance since many breast 
cancers develop resistance with prolonged chemotherapy 
treatment. Cells were cultured in the presence of 0.1 µM doxo-
rubicin for 14 days and Prdx expression analyzed. As shown in 
Fig. 6A, 14 days of treatment led to a marked increase in the 
expression of Prdxs 2, 3, 4 and 5. Quantification of these levels 

Figure 3. Transient transfection of MCF-7 cells with Prdx siRNA markedly suppresses Prdx expression. MCF-7 cells were transfected with 33 nM negative 
control siRNA or specific Prdx siRNA and cultured for 48 h. Cells were lysed and Prdx expression measured by western blot analysis. Gapdh expression was 
used as a loading control. (A) Representative western blots showing expression in replicate transfections. (B) Protein expression was quantified from parallel 
experiments and normalized to GAPDH levels. Averages from replicate tranfections are shown (± SD).
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are represented in Fig. 6B, revealing a nearly 10X increase 
in Prdx2 expression, and an approximately 4-fold increase in 
levels of Prdx3, Prdx4 and Prdx5. It is clear from these data 
that culturing MCF-7 cells for 2 weeks in doxorubicin leads to 
a robust induction of several Prdx proteins.

Discussion

In the present study, we showed a correlation between doxo-
rubicin-resistance and peroxiredoxin levels between MCF-7 
and MCF-10A cells, demonstrating significantly higher resis-
tance and Prdx expression in the cancer line. Using transient 
transfections of MCF-7 cells with siRNA, we obtained marked 
reduction in Prdx levels for all six proteins, leading to moderate 
toxicity in Prdx3-suppressed cells. Subsequent treatment of 
siRNA-transfected cells with doxorubicin resulted in a reduc-
tion in viable cell number with suppression of either Prdx1, 
Prdx2, Prdx3 and Prdx5. We went on to show that this cell 
loss was, at least in part, due to apoptotic death. Finally, we 
demonstrated that 2-week treatment of MCF-7 cells with doxo-
rubicin leads to a marked induction of several Prdx proteins. 
Together, these data support our hypothesis that Prdxs play a 

protective role in MCF-7 cells and that doxorubicin-treatment 
leads to selection of drug-resistant cells that possess elevated 
Prdx levels.

We and others previously reported the overexpression of 
Prdxs in MCF-7 cells (22-24), which is consistent with elevated 
Prdx levels found in breast cancer tissue from patients. However, 
the mechanism by which these cells upregulate Prdxs is not 
understood. The Prdx family is inducible by oxidative stress 
in several systems, and ROS-induced modifications include 
regulation at both the transcriptional and post-transcriptional 
levels (4). A previous study from our lab showed that Prdxs1-5 
are elevated at the mRNA level in these cells, compared to 
MCF-10A cells, suggesting a transcriptional mechanism (24), 
but the signal transduction events and transcription factors 
mediating higher basal levels are not known. However, there 
is evidence that Nrf2 coordinately regulates the Prdx gene 
family in macrophages (28), so we are currently investigating 
this as a possible mechanism in MCF-7 cells.

Prdx suppression in many cells, including several cancer 
cell types, is known to increase cell death. Our results suggest 
a similar protective role for Prdx3 in MCF-7 cells, in the 
absence of any added oxidative stress. Prdx3 is a mitochondrial 

Figure 4. Prdx3 siRNA increases cytotoxicity in MCF-7 Cells. MCF-7 cells were transfected with 33 nM negative control siRNA or specific Prdx siRNA 
and cultured for 48 h. (A) Cells were photographed with phase contrast microscopy. Representative images for control and Prdx3 transfected cells are 
shown. (B) Cytotoxicity was measured using the Released LDH assay. The average of six replicate wells for each treatment are shown (± SD). p<0.005 for 
Prdx3.
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peroxiredoxin that is transcriptionally regulated by c-myc and 
is required for proliferation, transformation, and apoptosis 
in ovarian cancer cells (29). Recently, a similar function was 
reported for Prdx3 in cervical cancer cells (30). From these 
and other studies, the importance of Prdx3 as a key protective 
protein in cancer is well established. Our results are the first 
to demonstrate this same function for Prdx3 in breast cancer 
cells, suggesting that this protein may have a more ubiquitous 
survival function in cancer.

We showed that MCF-7 breast cancer cells are significantly 
more resistant to doxorubicin-induced toxicity at both 0.1 and 
0.5 µM concentrations than the non‑cancerous MCF-10A cells. 
Gajewski et al also demonstrated that MCF-10A cells exposed 
to 0.1 µM doxorubicin (a clinically relevant dosage) underwent 
growth arrest and apoptosis, and also developed elevated levels 
of ROS (31). However, our demonstration that siRNA-mediated 

Prdx suppression markedly increases doxorubicin-induced 
apoptosis is a novel finding, and one that is consistent with 
the known ROS-inducing action of doxorubicin as well as 
the increased susceptibility of Prdx-suppressed MCF-7 cells 
to ROS-induced apoptosis. For example, Wang et al showed 
that Prdx2 suppression in MCF-7 cells increased sensitivity to 
radiation-induced cell death (25), and a recent follow-up study 
demonstrated that this occurred by alterations in cellular thiol 
status and intracellular Ca2+ homeostasis (32). Likewise, Prdx1 
suppression in MCF-7 cells leads to apoptosis induced by 
β-lapachone, an anticancer agent that produces large amounts of 
ROS induced apoptosis (33). In addition, Bae et al showed that 
transgenic overexpression of Prdx1 and Prdx2 in MCF-10A cells 
increases their resistance to peroxide‑induced cell death (22). 
Together, there is strong evidence for Prdxs as key protective 
players against ROS-induced death of breast cancer cells.

Figure 5. Effect of Prdx suppression on doxorubicin-induced toxicity. MCF-7 cells were transfected with 33 nM negative control siRNA or specific Prdx 
siRNA, cultured for 48 h, and treated for 24 h with 0.5 µM doxorubicin. (A) Viable cells were quantified using an MTT assay. Formazan absorbance at 570 
was measured for each well, with A650 used for background subtraction. Averages of six replicate wells are shown (± SD). *p<0.005. (B) Apoptosis was 
measured in separate wells using Hoechst/Yo-Pro staining and cells were photographed with phase contrast and fluorescence microscopy. Representative 
images for transfectants showing a significant decrease in MTT levels (Prdx1, Prdx2, Prdx3 and Prdx5) are shown.
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Our results further showed a functional relationship 
between Prdx expression and doxorubicin resistance using 
a prolonged doxorubicin treatment. The marked induction 
of several Prdx proteins after a 2-week culture with 0.1 µM 
doxorubicin suggests higher levels in drug-resistant cells. 
While it is not clear that this Prdx induction is essential for 
clonal selection of resistant cells, this observation coupled 
with the data from our transfection experiments strongly 
suggests an important role for these proteins in cell survival. 
Interestingly, short-term (4 or 24 h) treatment of MCF-7 
cells with 0.1 or 0.5 µM doxorubicin does not alter Prdx 
levels (data not shown), suggesting that the changes in gene 
expression are likely associated with the selection of resis-
tant cells over time.

In conclusion, our data are the first to report an effect 
of doxorubicin treatment on Prdx expression in breast 

cancer cells, as well as a protective role for the peroxire-
doxin protein family in breast cancer cell resistance to 
doxorubicin. Since the innate and acquired resistance of 
many breast tumors to doxorubicin is of critical concern 
for patients, a better understanding of the mechanisms 
governing this likely multifactorial phenomenon is essen-
tial. While we do not yet understand the precise role of 
each individual Prdx in the basal antioxidant defense 
system in these cells, Prdxs may, in fact, play an essential 
role in the survival of breast cancer cells in vivo. Based 
on the abundance and obvious importance of this family 
of antioxidants in normal and cancer cell biology, and the 
critical role of oxidative stress in chemotherapy success, 
this area of research warrants further investigation and is 
likely to provide an important new avenue for new thera-
peutic interventions for the treatment of breast cancer.

Figure 6. Two-week culture of MCF-7 cells with doxorubicin induces Prdx expression. MCF-7 cells were cultured for 14 days in the presence of 0.1 µM doxo-
rubicin. Cells from these and control flasks were lysed and analyzed for Prdx expression using western blot analysis. GAPDH expression was used as a loading 
control. (A) A representative western blot showing expression in replicate treatments. (B) Protein expression was quantified and normalized against GAPDH levels.
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