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ABSTRACT The biological functions of nuclear factor κB1 (NFκB1; p50) have not been stud-
ied as often as those of other members of the NFκB family due to its lack of a transcriptional 
domain. Our recent studies showed that p50 functions as an apoptotic mediator via its inhibi-
tion of GADD45α protein degradation and increase in p53 protein translation. Here we re-
port a novel function of p50 in its regulation of superoxide dismutase 2 (SOD2) transcription 
via an NFκB-independent pathway. We find that deletion of p50 in mouse embryonic fibro-
blasts (MEFs; p50−/−) up-regulates SOD2 expression at both protein and mRNA levels. SOD2 
promoter–driven luciferase is also up-regulated in p50−/− cells compared with wild-type (WT) 
MEF (p50+/+) cells, suggesting p50 regulation of SOD2 at the transcriptional level. Our results 
also show that p50 deficiency specifically results in down-regulation of phosphorylation and 
increased transactivation of FoxO3a compared with WT cells. Further studies indicate that 
p50–down-regulated FoxO3a phosphorylation is mediated by activated Akt via up-regulation 
of microRNA 190 (miR190), in turn inhibiting PH domain and leucine-rich repeat protein phos-
phatase 1 (PHLPP1) translation. Together our studies identify a novel p50 function in the 
regulation of SOD2 transcription by modulating the miR190/PHLPP1/Akt-FoxO3a pathway, 
which provides significant insight into the physiological function of p50.

INTRODUCTION
Oxidative stress is a hallmark of many diseases (Olmos et al., 2009) 
and is caused by the imbalance between reactive oxygen species 
(ROS) and biological antioxidant systems (Miao and St Clair, 2009). 

On one hand, mitochondria generate ROS during cellular aerobic 
metabolism, including superoxide anions and hydrogen peroxide 
(Fang et al., 2002), which play an important role in regulation of 
normal physiological function and pathogenesis of various diseases 
(Mukherjee et al., 2011). On the other hand, cells synthesize protec-
tive proteins, such as superoxide dismutase 2 (SOD2), glutathione 
peroxidase, and catalase, to guard against the effects of ROS (Liu 
et al., 2011).

SOD2, known as manganese superoxide dismutase (Xu et al., 
2008), is a superoxide scavenger enzyme located in the mitochon-
drial matrix that protects cells from the damage of mitochondrial 
ROS by detoxifying O2 radicals via dismutation to yield molecular 
oxygen and hydrogen peroxide (Makino et al., 2011). SOD2 is con-
sidered the primary defensive enzyme against oxidative stress within 
mitochondria (Chung et al., 2011). As a primary antioxidant enzyme 
in the mitochondria, SOD2 is important for maintenance of cellular 
redox balance (Xu et al., 2008). As a nuclear-encoded enzyme, 
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SP1 expression and phosphorylation of JNK at Thr-183/Tyr-185 and 
c-Jun at Ser-63/73, whereas it did not show observable alteration of 
p-Stat1 Tyr-701 and p-Stat5 Tyr-694, suggesting that SP1, AP-1, 
Stat1, and Stat5 might not be implicated in p50 inhibition of SOD2 
expression. We next examined the potential contribution of FoxO3a 
to p50 regulation of SOD2 expression by comparing FoxO3a phos-
phorylation and transactivation between WT and p50−/− cells. Phos-
phorylation of FoxO3a at Ser-318/321 and Ser-253 was markedly 
impaired in p50−/− cells compared with WT cells, whereas total pro-
tein of FoxO3a expression showed observable up-regulation in 
p50−/− cells compared with WT cells (Figure 2D). FoxO3a phospho-
rylation at Ser-318/321 and Ser-253 leads to its export from nuclear 
to cytoplasm, resulting in inactivation of its transcription activity (Liu 
et al., 2005). To determine the role of p50 in regulation of Foxo3a-
dependent transactivation, we transfected FoxO3a-dependent 
(4xDBE promoter) luciferase reporter into both WT and p50−/− cells 
and stable transfectants; WT 4xDBE promoter-luciferase and p50−/− 
4xDBE promoter-luciferase were established. Consistent with 
FoxO3a protein phosphorylation, FoxO3a-dependent transcription 
activity was significantly up-regulated in p50−/− cells compared with 
WT cells (Figure 2E). Our results provide strong indication that p50 
regulates FoxO3a phosphorylation and transactivation, contributing 
to modulation of SOD2 transcription.

p50-activated Akt mediates FoxO3a phosphorylation 
and SOD2 down-regulation
Activated Akt phosphorylates FoxO3a protein at Ser-318/Ser-321 
and Ser-253, which mediates FoxO3a nuclear exportation and tran-
scription inhibition (Ferber et al., 2012). To explore the mechanisms 
underlying p50 regulation of FoxO3a phosphorylation at Ser-318/
Ser-321 and Ser-253, Akt phosphorylation at Thr-308/Ser-473 was 
assessed in both WT and p50−/− cells. The results showed that Akt 
phosphorylation at Thr-308/Ser-473 was dramatically decreased in 
p50−/− cells compared with WT cells (Figure 3A), suggesting that Akt 
was inhibited in p50−/− cells. To evaluate role of Akt activation in 
FoxO3a phosphorylation, transactivation, and SOD2 expression, 
we transfected dominant-negative mutant of Akt (DN-Akt) into WT 
cells and established stable transfectant WT(DN-Akt). As shown in 

SOD2 is imported into the mitochondrial matrix to catalyze dismuta-
tion of superoxide radicals (Hitchler et al., 2006; Hempel et al., 
2011). SOD2 also works in the cellular context with other antioxidant 
enzymes to protect cells from damage associated with exposure to 
ROS (Hitchler et al., 2006). Numerous studies show that SOD2 is 
induced in various types of cells and tissues (Xu et al., 2008). SOD2 
expression is rapidly up-regulated in cell response to oxidative stress 
(Xu et al., 2008). The targeted disruption of murine SOD2 causes 
neonatal lethality (Chung et al., 2011), and a high level of SOD2 
expression is correlated with nuclear factor κB (NFκB) activation in 
various cells (Xu et al., 2008).

 NFκB is a transcription factor protein complex that controls 
the transcription of various genes (Thapa et al., 2011). In mamma-
lian cells, the NFκB family has five Rel members: p50 (NFκB1), p52 
(NFκB2), p65 (Rel A), Rel B, and c-Rel (Song et al., 2006). The p50/
p65 heterodimer is predominantly expressed in all types of mam-
malian cells and is involved in cellular responses to a variety of 
stimuli (Lin and Ghosh, 1996; Hatada et al., 2003; Song et al., 
2006). Although p50/p50 homodimer has been identified in intact 
cells for many years (Yu et al., 2013), physiological and pathologi-
cal functions of p50 have yet to be explored. Our recent studies 
showed that p50 functions as an apoptotic mediator by inhibiting 
GADD45α protein degradation and increasing p53 protein trans-
lation (Song et al., 2006; Yu et al., 2013). In the present study, 
we demonstrate that p50 modulates SOD2 expression at the 
transcription level by regulating the microRNA 190 (miR190)/PH 
domain and leucine-rich repeat protein phosphatase 1 (PHLPP1)/
Akt-FoxO3a axis.

RESULTS
NFκB1/p50 inhibits SOD2 transcription
Previous studies showed that SOD2 transcription is positively regu-
lated by SP1 and NFκB (Xu et al., 2008). To evaluate the role of p50 
in SOD2 protein expression, we compared the SOD2 expression 
level in p50−/− cells with that in WT cells. As shown in Figure 1A, 
deletion of p50 resulted in marked up-regulation of SOD2 protein 
expression (Figure 1A). Consistent with SOD2 protein expression, 
SOD2 mRNA was also up-regulated in p50−/− cells (Figure 1B). These 
results indicate that p50 negatively regulates SOD2 expression, 
which is in contrast to a report on NFκB-positive regulation of SOD2 
expression (Xu et al., 2008). To test whether p50 regulated SOD2 
expression at the transcriptional level, we transfected WT mouse 
embryonic fibroblast (MEFs) and p50−/− MEFs cells with SOD2 pro-
moter–driven luciferase reporter and established stable transfec-
tants of WT SOD2 promoter luciferase and p50−/− SOD2 promoter 
luciferase. The results showed that SOD2 promoter transcription ac-
tivity is significantly up-regulated in p50−/− cells compared with WT 
cells (Figure 1C), suggesting that up-regulation of SOD2 expression 
in p50−/− cells occurs at the transcriptional level via an NFκB-
independent pathway.

p50 mediates FoxO3a phosphorylation and inhibits SOD2 
transcription and expression
Our foregoing results indicate that p50 provides an inhibitory effect 
on SOD2 transcription in SOD2 promoter–driven luciferase reporter 
assay. Bioinformatic analysis shows that the SOD2 promoter reporter 
contains the binding sites for multiple transcription factors, includ-
ing SP1, Stat1, Start5, AP-1, and FoxO3a (Figure 2A). To identify 
which of these transcription factors is implicated in p50 inhibition of 
SOD2 transcription, we compared activation of pathways related to 
SP1, AP-1, Stat1, Stat5, and FoxO3a between WT and p50−/− cells. 
As shown in Figure 2, B and C, knockout of p50 (p50−/−) decreased 

FIGURE 1: p50 expression inhibits SOD2 expression at the 
transcriptional level. (A) Cell extracts, as indicated, were subjected to 
Western blot for determination of p50 and SOD2. β-Actin was used as 
loading control. (B) SOD2 mRNA level in WT and p50−/− cells analyzed 
by reverse transcription-PCR, with β-actin as loading control. 
(C) SOD2 promoter activity analyzed by determination of SOD2 
promoter–driven luciferase activity. The asterisk indicates a significant 
increase compared with medium control (p < 0.05).
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Figure 3B, introduction of DN-Akt did in-
hibit Akt phosphorylation at Thr-308/
Ser-473. The inhibition of Akt phosphory-
lation at Thr-308/Ser-473 by DN-Akt im-
paired FoxO3a phosphorylation at Ser-318/
Ser-321 and Ser-253 and increased FoxO3a-
dependent transactivation (Figure 3, C and 
D). Consistent with the increase of FoxO3a-
dependent transactivation, ectopic expres-
sion of DN-Akt also led to significant 
increases in SOD2 promoter–driven tran-
scriptional activity (Figure 3E), mRNA, and 
protein expression in comparison to vector 
control transfectant (Figure 3F). Total Akt 
level was not increased after transfection of 
DN-Akt into WT MEFs (Figure 3B). This is 
consistent with our previous reports (Li 
et al., 2004; Ouyang et al., 2007). A possible 
explanation is that the negative feedback 
loop inhibited endogenous Akt expression 
upon DN-Akt ectopic expression. Our re-
sults demonstrate that p50 positively regu-
lates Akt phosphorylation and activation, 
which mediates phosphorylation of FoxO3a 
at Ser-318/Ser-321 and Ser-253 and inhibi-
tion of FoxO3a-dependent transactivation, 
further leading to reduction of SOD2 pro-
tein expression.

p50 up-regulates Akt phosphorylation 
at Thr-308/Ser-473 and inhibits 
FoxO3a transactivation and SOD2 
expression in a miR190/PHLPP1-
dependent manner
PHLPP1 is a key Akt phosphatase and is re-
sponsible for dephosphorylation of Akt at 

FIGURE 2: p50 mediates FoxO3a phosphorylation and inhibits SOD2 transcription and expression. (A) Scheme of the 
sod2 promoter–driven luciferase reporter. (B–D) Cell extracts of WT and p50−/− subjected to Western blot for 
determination of SP1, phosphor-JNK at Thr-183/Tyr-185, phosphor-c-Jun at Ser-63/Ser-73, phosphor-Stat1 at Tyr-701/
Tyr-694, phosphor-FoxO3a at Ser3-18/321 and Ser-253, and FoxO3a. β-Actin was used as loading control. (E) The 
plasmids pGL-4xDBE and Renilla luciferase were stably cotransfected into WT and p50−/− cells. FoxO3a-dependent 
transcriptional activity is presented as luciferase activity relative to medium control. The asterisk indicates a significant 
increase compared with medium control (p < 0.05).
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FIGURE 3: p50-activated Akt mediates FoxO3a phosphorylation and inhibits SOD2 
transcription and expression. (A) Cell extracts of WT and p50−/− subjected to Western blot for 
detection of total Akt and phosphor-Akt at Ser-473/Thr-308. (B, C) Cell extracts of WT and 
DN-Akt subjected to Western blot for determination of total Akt, phosphor-Akt at Ser-473/
Thr-308, and total and phosphor-FoxO3a at Ser-318/321 and Ser-253. β-Actin was used as 
loading control. (D) The plasmids pGL-4xDBE and Renilla luciferase were stably cotransfected 
into WT and DN-Akt cells. FoxO3a-dependent transcriptional activity is presented as luciferase 
activity relative to medium control. The asterisk indicates a significant increase compared with 
vector control transfectant (p < 0.05). (E) SOD2 promoter reporter activity in WT and DN-Akt 
transfectants analyzed by determination of SOD2 promoter–driven luciferase transcription 
activity. The asterisk indicates a significant increase compared with vector transfectant (p < 0.05). 
(F) SOD2 mRNA level in WT and DN-Akt cells was analyzed by reverse transcription-PCR (Total), 
or cell extracts of WT and DN-Akt were subjected to Western blot for detection of SOD2 
protein expression. β-Actin was used as loading control.
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inhibition of FoxO3a transactivation by miR190, SOD2 promoter–
driven luciferase reporter activity, mRNA expression, and protein 
expression were also dramatically impaired in miR190-transfected 
p50−/− cells (Figure 4, F and G). To identify the role of FoxO3a in p50 
regulation of sod2 transcription, we transfected WT SOD2 pro-
moter–driven luciferase reporter and this reporter with FoxO3a 
binding-site point mutation (C → G mutation at −1329) into both 
WT and p50−/− cells. The transfectants were used to determine the 
role of FoxO3a in p50 mediation of SOD2 transcription. The results 
clearly indicate that SOD2 promoter transcription activity was sig-
nificantly up-regulated in p50−/− cells, whereas this up-regulation 
was attenuated in the p50−/− transfectant of an SOD2 promoter–
driven luciferase reporter with point mutation at FoxO3a binding in 
p50−/− cells (Figure 4H). These results indicate that p50 expression 
inhibits SOD2 transcription and this inhibition is mediated by p50 
attenuation of FoxO3a transcriptional activity. Collectively our re-
sults demonstrate that p50-regulated miR190 mediates PHLPP1 

Ser-473 and Thr-308 (Gao et al., 2008), whereas miR190 is able to 
regulate human PHLPP1 translation and expression (Beezhold et al., 
2011). Our most recent studies demonstrated that knockout of p50 
results in reduction of miR190 transcription, leading to up-regulation 
of PHLPP1 protein translation and expression (Yu et al., 2013). Con-
sistent with our previous report, p50 deficiency resulted in PHLPP1 
up-regulation (Figure 4A). To address whether the defect of miR190 
expression was responsible for PHLPP1 up-regulation and Akt inhi-
bition in p50−/− cells, we stably transfected miR190 expression plas-
mid into p50−/− cells and established stable transfectant, p50−/− 
(miR190), and identified it by real-time PCR as shown in Figure 4B. 
The constitutively stable expression of miR190 in p50−/− cells led to 
inhibition of PHLPP1 protein expression and up-regulation of Akt 
phosphorylation at Ser-473 and Thr-308 (Figure 4C). Moreover, ex-
pression of miR190 in p50−/− cells also increased FoxO3a phospho-
rylation at Ser-318/Ser-321 and Ser-253 and decreased FoxO3a 
transactivation activity (Figure 4, D and E). Consistent with the 

FIGURE 4: p50-regulated miR190/PHLPP1/Akt mediates FoxO3a phosphorylation, transactivation, SOD2 transcription, 
and protein expression. (A) Cells extract of WT and p50−/− subjected to Western blot for determination of indicated 
protein expression, with β-actin as protein loading control. (B) miR190 level analyzed by real-time PCR, using total RNA 
extracted from p50−/−(vector) and p50−/−(miR190) cells. Data are means ± SD of five experiments. (C, D) Cell extracts of 
p50−/−(vector) and p50−/−(miR190) subjected to Western blot for determination of indicated protein expression, with 
β-actin as protein loading control. (E) The plasmids pGL-4xDBE and Renilla luciferase were stably cotransfected into 
p50−/−(vector) and p50−/−(miR190) cells. FoxO3a-dependent transcriptional activity is presented as luciferase activity 
relative to p50−/−(vector) control. The asterisk indicates a significant decrease compared with vector control transfectant 
(p < 0.05). (F) SOD2 promoter activity of p50−/− and p50−/−(miR190) cells analyzed using SOD2 promoter–driven 
luciferase transcriptional activity. The asterisk indicates a significant decrease compared with p50−/−(miR190) cells 
(p < 0.05). (G) SOD2 mRNA level in p507/− and p50−/−(miR190) cells was evaluated by reverse transcription-PCR (top), 
and SOD2 protein expression was determined by Western blot. β-Actin was used as loading control. (H) The plasmids of 
SOD2 promoter–driven luciferase reporter and the SOD2 promoter–driven luciferase reporter with a point mutation 
resultant of loss of FoxO3a binding site (mut), together with Renilla luciferase, were stably cotransfected into WT and 
p50−/− MEF cells. SOD2 promoter activity was analyzed by measuring promoter-driven luciferase activity. The asterisk 
indicates a significant decrease in comparison to WT SOD promoter reporter transfectant (p < 0.05). (I) Schedule of 
p50-regulated miR190 mediates SOD2 down-regulation.
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subsequent inhibition of FoxO3a-dependent transcriptional activity 
(Li et al., 2006). Our results show that FoxO3a phosphorylation at 
Ser-318/321 and Ser-253 is markedly impaired in p50−/− cells com-
pared with WT cells, whereas this decreased phosphorylation in 
p50−/− cells results in its transactivation, contributing to induction of 
SOD2 transcription and protein expression.

It was reported that Akt is the kinase responsible for phosphory-
lation of FoxO3a protein, which mediates FoxO3a nuclear exporta-
tion and inhibition; therefore FoxO3a is negatively regulated by Akt 
(Li et al., 2006; Ferber et al., 2012). Our most recent studies demon-
strate that p50 expression attenuates translation and expression of 
PHLPP1, which is a major Akt phosphatase, after arsenite exposure 
(Yu et al., 2013). Further studies show that p50-mediated up-regula-
tion of miR190 transcription is responsible for inhibition of PHLPP1 
translation. Therefore p50 mediates Akt phosphorylation and activa-
tion (Yu et al., 2013). Consistently, our present studies show that Akt 
phosphorylation at Thr-308/Ser-473 is inhibited in p50−/− cells, 
whereas introduction of miR190 impairs PHLPP1 expression and in-
creases Akt phosphorylation at Thr-308/Ser-473 and FoxO3a phos-
phorylation in p50−/− cells. Moreover, inhibition of Akt activation by 
ectopic expression of DN-Akt also attenuates FoxO3a phosphoryla-
tion and up-regulates FoxO3a-dependent transcription activity. 
These results strongly suggest that p50-regulated miR190/PHLPP1 
expression mediates Akt activation, leading to induction of FoxO3a 
phosphorylation and inhibition of transactivation activity. Of impor-
tance, our results show that the p50-regulated miR190/PHLPP1/Akt/
FoxO3a axis plays an essential role in SOD2 transcription and pro-
tein expression, demonstrating a novel function of p50 regulation of 
SOD2 expression and leading to regulation of normal physiological 
function of cells by mediation of antioxidative status and pathologi-
cal development of tissues by modulation of antioxidative responses 
after environmental exposures and other disease-causing agents.

In summary, our present studies demonstrate a novel function of 
p50 in regulating SOD2 at the transcription level by targeting the 
miR190/PHLPP1/Akt-FoxO3a axis via NFκB transcription-indepen-
dent mechanisms. This finding provides new insight into the physi-
ological function of p50 and its pathological regulatory role in regu-
lation of cellular oxidative status and responses. A more complete 
understanding of the role and molecular mechanisms underlying the 
biological function of p50 will help us to use p50 and its regulated 
downstream targets as targets for related disease management.

MATERIALS AND METHODS
Antibodies, plasmids, and other reagents
Antibodies specific against p-JNK(Thr-183/Tyr-185), JNK1/2, 
p-c-Jun(Ser-73), p-c-Jun(Ser-63), c-Jun, p-Stat1(Tyr-701), Stat1, 
p-Stat5(Tyr-694), Stat5, p-Stat3(Tyr-705), p-Stat3(Ser-727), Stat3, 
p-Akt(Thr-308), p-Akt(Ser-473), Akt, p-FoxO3a(Ser-318/321), 
p-FoxO3a(Ser-253), and FoxO3a were purchased from Cell Signal-
ing (Beverly, MA). Antibodies specific against mouse p50 and SP1 
were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibody 
specific against PHLPP1 was purchased from Bethyl Laboratories 
(Montgomery, TX). SOD2 antibody was purchased from Epitomics 
(Burlingame, CA). β-Actin antibody was purchased from Sigma (St. 
Louis, MO). The dual-luciferase assay substrate was purchased from 
Promega (Madison, WI). V5-DEST-miR190 and the control con-
structs were kind gifts from Ping-Yee Law (Department of Pharma-
cology, University of Minnesota, Minneapolis, MN). pGL4-SOD2-
promoter-luciferase and pGL4-4xDBE-promoter-luciferase were 
kind gifts from Bernd Evert (Neurologische Klinik und Poliklinik, Uni-
versity of Bonn, Bonn, Germany). pGL3-SOD2-promoter-luciferase 
and pGL3-SOD2-promoter-mut-luciferase (Olmos et al., 2009) were 

down-regulation, which in turn inhibits Akt phosphorylation, result-
ing in reduction of FoxO3a phosphorylation at Ser-318/Ser-321 and 
Ser-253 and induction of its transactivation. The transactivated 
FoxO3a mediates SOD2 transcription as shown in Figure 4I.

DISCUSSION
p50 homodimers translocate into the nucleus and bind to the NFκB-
binding sites of its target genes, but p50 homodimers alone cannot 
act as a transcription factor to regulate NFκB downstream gene ex-
pression (Lerebours et al., 2008; Moss et al., 2008). For this reason, 
compared with other members of NFκB family, the biological func-
tion of p50 in the regulation of protein expression is far from under-
stood (Karst et al., 2009; Yu et al., 2009). Our recent studies demon-
strate that p50 plays a role as an apoptotic mediator via its inhibition 
of GADD45α protein degradation and increases p53 protein trans-
lation. Here we identified a novel function of p50 in regulating 
SOD2 transcription via NFκB-independent and FoxO3a-dependent 
pathways.

Accumulating evidence suggests that SOD2 may function as a 
new type of tumor suppressor (Dhar et al., 2007). SOD2 activity is 
reduced in >80 different types of neoplastic cells (Xu et al., 2008). 
Overexpression of SOD2 leads to suppression of cancer phenotypes 
(Xu et al., 2008), and SOD2 is associated with tumor suppression 
(Weyemi et al., 2012). Therefore understanding the molecular 
mechanisms of the regulation of SOD2 expression should be highly 
significant in cancer research. Our present study shows that SOD2 
expression in p50−/− cells is remarkable increased compared with 
WT cells. Further studies show that p50 regulates SOD2 expression 
at the transcriptional level. Moreover, p50 deficiency specifically re-
sults in down-regulation of FoxO3a phosphorylation at Ser-318/Ser-
321 and Ser-253 and increase of FoxO3a transactivation compared 
with WT cells, further leading to SOD2 transcription and protein 
expression.

A series of transcription factors, such as specificity protein-1, ac-
tivator protein-1, and signal transducers and activators of transcrip-
tion (STATs), are involved in regulation of SOD2 gene expression 
(Belton et al., 2006; Hitchler et al., 2008). In this study, we showed 
that knockout of p50 decreases expression of SP1 and phosphoryla-
tion of JNK at Thr-183/Tyr-185 and p-c-Jun at Ser-63/73 and does 
not show observable effects on p-Stat1 Tyr-701 and p-Stat5 Tyr-694, 
suggesting that SP1, AP-1, Stat1, and Stat5 might not be implicated 
in p50 inhibition of SOD2 expression. Forkhead transcription factors 
of the O class (FoxO) proteins are identified by the winged-helix 
structure of their DNA-binding domain (Ferber et al., 2012), and 
forkhead transcription factor is involved in regulation of SOD2 
expression (Li et al., 2006). FoxO plays an important role via its regu-
lation of antioxidant defense in many species (Belton et al., 2006), 
and the mammalian genome encodes four FoxO proteins (FoxO1, 
FoxO3a, FoxO4, and FoxO6; Ferber et al., 2012). FoxO3a, also 
known as FKHRL1, can protect quiescent human cells from oxidative 
stress by directly increasing quantities of SOD2 (Belton et al., 2006). 
The FoxO3a translocation regulates its transactivation (Kops et al., 
2002). The FoxO3a translocation depends on Akt-mediated phos-
phorylation at Ser-253 and Ser-315 (Sengupta et al., 2011). Phos-
phorylation of FoxO3a at Ser-253 in the forkhead domain leads to 
disruption of nuclear localization and its binding to the promoter 
regions of its regulated gene (Afanas’ev, 2010). After phosphoryla-
tion, FoxO3a forms a complex with 14-3-3 proteins and in turn is 
transported from nucleus to cytosol (Marfe et al., 2010). In cytosol, 
the phosphorylated FoxO3a proteins are degraded by the ubiquitin-
proteasome system (Liu et al., 2005). Thus this shuttling system pro-
vides the cell with “double-negative” regulation of FoxO3a and 
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The results are presented as relative SOD2 promoter activity or rela-
tive FoxO3a-dependent transcriptional activity (Ding et al., 2006).

Western blot
Cells were seeded into six-well plates and cultured until 80% conflu-
ent in normal culture medium. The cells were then extracted with 
cell lysis buffer (10 mM Tris-HCl, pH 7.4, 1% SDS, 1 mM Na3VO4, 
and proteasome inhibitor), and cell protein extracts were subjected 
to Western blot as described previously (Li et al., 2004).

Statistical methods
The Student’s t test was used to determine the significant difference 
of transcriptional activity between various cells and transfectants. 
Differences were considered to be significant at p ≤ 0.05.

kind gifts from M. Monsalve (Fundación Centro Nacional de Inves-
tigaciones Cardiovasculares Carlos III, Melchor Fernández Almagro, 
Madrid, Spain).

Cell culture and transfectants
WT MEFs and their corresponding p50−/− MEF cells were described 
previously (Song et al., 2007). All MEFs and their transfectants were 
cultured in an incubator at 37°C with 5% CO2 in 10% fetal bovine 
serum DMEM supplied with 1% penicillin/streptomycin and 2 mM 
l-glutamine (Life Technologies, Carlsbad, CA). WT MEFs were stably 
transfected with DN-Akt, and p50−/− cells were stably transfected with 
miR190, as described in Yu et al. (2013). WT and p50−/−, WT(vector) 
and WT(DN-Akt), and p50−/−(vector) and p50−/−(miR190) cells were 
stably transfected with TK reporter together with pGL4-SOD2-pro-
moter-luciferase, pGL3-SOD2-promoter-luciferase or pGL3-SOD2-
promoter-mut-luciferase reporter or Fox3a (4xDBE)-luciferase re-
porter, using PolyJet DNA In Vitro Transfection Reagent (SignaGen 
Laboratories, Rockville, MD). Stable transfectants were established 
by selection with puromycin (Alexis, Plymouth, PA) and identified by 
luciferase activity assay. Stable transfectants included WT SOD2 pro-
moter luciferase, p50−/− SOD2 promoter luciferase, WT 4xDBE pro-
moter luciferase, p50−/− 4xDBE promoter luciferase, WT(vector) SOD2 
promoter luciferase, WT(DN-Akt) SOD2 promoter luciferase, 
WT(vector) 4xDBE promoter luciferase, WT(DN-Akt)4xDBE promoter 
luciferase, p50−/−(vector) SOD2 promoter luciferase, p50−/−(miR190) 
SOD2 promoter luciferase, p50−/−(vector) 4xDBE promoter luciferase, 
p50−/−(miR190) 4xDBE promoter luciferase, WT SOD2 promoter lu-
ciferase, WT SOD2 mut promoter luciferase, p50−/− SOD2 promoter 
luciferase, and p50−/− SOD2 mut promoter luciferase. These stable 
transfectants were cultured in selected antibiotic-free medium for at 
least two passages before experiments.

Reverse transcription-PCR
Cells were extracted for total RNA using TRIzol reagent (Invitrogen, 
Carlsbad, CA), as described in the manufacturer’s instructions (Du 
et al., 2010; Fang et al., 2012). We used 5 μg of total RNA for first-
strand cDNA synthesis with oligdT(20) primer by SuperScript III 
First-Strand Synthesis system (Invitrogen). The primers used in this 
study were as follows: sod2, forward, 5′-gca gtg tgc ggc acc agc 
ag-3′, and reverse, 5′-tcc ctt ggc caa cgc ctc ct-3′; and β-actin, 
forward, 5′-cct gtg gca tcc atg aaa ct-3′; and reverse, 5′-gtg cta 
gga gcc aga gca gt-3′. The PCR product was analyzed by 2% aga-
rose gel.

Real-time PCR
Total RNA extraction with the miRNeasy Mini Kit (Qiagen, Valencia, 
CA) and then 1 μg of RNA was used for reverse transcription. Analy-
sis of miR190 expression was carried out using the miScript PCR 
system (Qiagen) and the 7900HT Fast Real-time PCR system (Ap-
plied Biosystems, Carlsbad, CA). The primer for miR190 assay was 
purchased from Qiagen, and U6 primer provided by the kit was 
used as loading control. PCR conditions follow the specifications of 
the miScript PCR Starter Kit (Qiagen). Data were analyzed as de-
scribed previously (Yu et al., 2013).

Dual-luciferase reporter assay system
For determination of SOD2 promoter–driven luciferase transcrip-
tional activity or FoxO3a-dependent transcriptional activation, stably 
transfectants with luciferase reporter/TK were seeded into 96-well 
plates. Cells were cultured in normal culture medium for 24 h and 
then extracted for luciferase activity assay using the Dual-Luciferase 
Reporter Assay System (Promega) as described (Ouyang et al., 2007). 

ACKNOWLEDGMENTS
We thank Bernd Evert for the gift of pGL4-SOD2-promoter-luciferase 
and pGL4-4xDBE-promoter-luciferase, M. Monsalve for plasmids of 
pGL3-SOD2-promoter-luciferase and pGL3-SOD2-promoter-mut-
luciferase reporters, and Ping-Yee Law for constructs of miRNA190. 
This work was supported in part by National Institutes of Health/
National Cancer Institute Grants CA112557, CA177665, and 
CA165980, National Natural Science Foundation of China Grant 
NSFC81229002, and National Basic Research Program of China 
Grant 2012CB525004.

REFERENCES
Afanas’ev I (2010). Reactive oxygen species and age-related genes p66shc, 

Sirtuin, FOX03 and Klotho in senescence. Oxid Med Cell Longev 3, 
77–85.

Beezhold K, Liu J, Kan H, Meighan T, Castranova V, Shi X, Chen F (2011). 
miR-190-mediated downregulation of PHLPP contributes to arsenic-
induced Akt activation and carcinogenesis. Toxicol Sci 123, 411–420.

Belton A, Paul A, Duttaroy A (2006). Deletions encompassing the man-
ganese superoxide dismutase gene in the Drosophila melanogaster 
genome. Genome 49, 746–751.

Chung YW, Kim HK, Kim IY, Yim MB, Chock PB (2011). Dual function 
of protein kinase C (PKC) in 12-O-tetradecanoylphorbol-13-acetate 
(TPA)-induced manganese superoxide dismutase (MnSOD) expression: 
activation of CREB and FOXO3a by PKC-alpha phosphorylation and 
by PKC-mediated inactivation of Akt, respectively. J Biol Chem 286, 
29681–29690.

Dhar SK, Xu Y, Noel T, St Clair DK (2007). Chronic exposure to 12-O-
tetradecanoylphorbol-13-acetate represses sod2 induction in vivo: the 
negative role of p50. Carcinogenesis 28, 2605–2613.

Ding J, Li JX, Xue CF, Wu KJ, Ouyang WM, Zhang DY, Yan Y, Huang CS 
(2006). Cyclooxygenase-2 induction by arsenite is through a nuclear 
factor of activated T-cell-dependent pathway and plays an antiapoptotic 
role in Beas-2B cells. J Biol Chem 281, 24405–24413.

Du K et al. (2010). Molecular cloning and functional characterization of a 
mouse gene upregulated by lipopolysaccharide treatment reveals alter-
native splicing. Biochem Biophys Res Commun 391, 267–271.

Fang GC, Hanau RM, Vaillancourt LJ (2002). The SOD2 gene, encoding a 
manganese-type superoxide dismutase, is up-regulated during conid-
iogenesis in the plant-pathogenic fungus Colletotrichum graminicola. 
Fungal Genet Biol 36, 155–165.

Fang Y, Yu Y, Hou Q, Zhen X, Zhang M, Zhang D, Li J, Wu XR, Huang C 
(2012). The Chinese herb isolate isorhapontigenin induces apoptosis in 
human cancer cells by downregulating overexpression of antiapoptotic 
protein XIAP. J Biol Chem 287, 35234–35343.

Ferber EC, Peck B, Delpuech O, Bell GP, East P, Schulze A (2012). FOXO3a 
regulates reactive oxygen metabolism by inhibiting mitochondrial gene 
expression. Cell Death Differ 19, 968–979.

Gao T, Brognard J, Newton AC (2008). The phosphatase PHLPP controls the 
cellular levels of protein kinase C. J Biol Chem 283, 6300–6311.

Hatada EN, Do RK, Orlofsky A, Liou HC, Prystowsky M, MacLennan IC, 
Caamano J, Chen-Kiang S (2003). NF-kappa B1 p50 is required for BLyS 
attenuation of apoptosis but dispensable for processing of NF-kappa B2 
p100 to p52 in quiescent mature B cells. J Immunol 171, 761–768.



Volume 24 November 15, 2013 p50 regulation of SOD2 transcription | 3583 

Moss NC, Tang RH, Willis M, Stansfield WE, Baldwin AS, Selzman CH 
(2008). Inhibitory kappa B kinase-beta is a target for specific nuclear 
factor kappa B-mediated delayed cardioprotection. J Thorac Cardiovasc 
Surg 136, 1274–1279.

Mukherjee S, Forde R, Belton A, Duttaroy A (2011). SOD2, the principal 
scavenger of mitochondrial superoxide, is dispensable for embryogen-
esis and imaginal tissue development but essential for adult survival. Fly 
(Austin) 5, 39–46.

Olmos Y, Valle I, Borniquel S, Tierrez A, Soria E, Lamas S, Monsalve M 
(2009). Mutual dependence of Foxo3a and PGC-1alpha in the induction 
of oxidative stress genes. J Biol Chem 284, 14476–14484.

Ouyang WM, Ma Q, Li JX, Zhang DY, Ding J, Huang Y, Xing MZM, Huang 
CS (2007). Benzo[a]pyrene diol-epoxide (B[a]PDE) upregulates COX-2 
expression through MAPKs/AP-1 and IKK beta/NF-kappa B in mouse 
epidermal Cl41 cells. Mol Carcinogen 46, 32–41.

Sengupta A, Molkentin JD, Paik JH, DePinho RA, Yutzey KE (2011). FoxO 
transcription factors promote cardiomyocyte survival upon induction of 
oxidative stress. J Biol Chem 286, 7468–7478.

Song L, Li JX, Ye JP, Yu G, Ding J, Zhang DY, Ouyang WM, Dong ZG, Kim 
SO, Huang CS (2007). p85 alpha acts as a novel signal transducer for 
mediation of cellular apoptotic response to UV radiation. Mol Cell Biol 
27, 2713–2731.

Song L, Li J, Zhang D, Liu ZG, Ye J, Zhan Q, Shen HM, Whiteman M, Huang 
C (2006). IKKbeta programs to turn on the GADD45alpha-MKK4-JNK 
apoptotic cascade specifically via p50 NF-kappaB in arsenite response. 
J Cell Biol 175, 607–617.

Thapa RJ, Basagoudanavar SH, Nogusa S, Irrinki K, Mallilankaraman K, 
Slifker MJ, Beg AA, Madesh M, Balachandran S (2011). NF-kappaB pro-
tects cells from gamma interferon-induced RIP1-dependent necroptosis. 
Mol Cell Biol 31, 2934–2946.

Weyemi U, Parekh PR, Redon CE, Bonner WM (2012). SOD2 deficiency 
promotes aging phenotypes in mouse skin. Aging (Albany NY) 4, 
116–118.

Xu Y, Fang F, Dhar SK, Bosch A, St Clair WH, Kasarskis EJ, St Clair DK 
(2008). Mutations in the SOD2 promoter reveal a molecular basis 
for an activating protein 2-dependent dysregulation of manganese 
superoxide dismutase expression in cancer cells. Mol Cancer Res 6, 
1881–1893.

Yu Y, Wan Y, Huang C (2009). The biological functions of NF-kappaB1 (p50) 
and its potential as an anti-cancer target. Curr Cancer Drug Targets 9, 
566–571.

Yu Y, Zhang D, Huang H, Li J, Zhang M, Wan Y, Gao J, Huang C (2013). 
NF-κB1 p50 promotes p53 protein translation through miR-190 
downregulation of PHLPP1. Oncogene, doi: 10.1038/onc.2013.8.

Hempel N, Carrico PM, Melendez JA (2011). Manganese superoxide 
dismutase (Sod2) and redox-control of signaling events that drive metas-
tasis. Anticancer Agents Med Chem 11, 191–201.

Hitchler MJ, Oberley LW, Domann FE (2008). Epigenetic silencing of SOD2 
by histone modifications in human breast cancer cells. Free Radic Biol 
Med 45, 1573–1580.

Hitchler MJ, Wikainapakul K, Yu L, Powers K, Attatippaholkun W, Domann 
FE (2006). Epigenetic regulation of manganese superoxide dismutase 
expression in human breast cancer cells. Epigenetics 1, 163–171.

Karst AM, Gao K, Nelson CC, Li G (2009). Nuclear factor kappa B subunit 
p50 promotes melanoma angiogenesis by upregulating interleukin-6 
expression. Int J Cancer 124, 494–501.

Kops GJ, Dansen TB, Polderman PE, Saarloos I, Wirtz KW, Coffer PJ, Huang 
TT, Bos JL, Medema RH, Burgering BM (2002). Forkhead transcription 
factor FOXO3a protects quiescent cells from oxidative stress. Nature 
419, 316–321.

Lerebours F, Vacher S, Andrieu C, Espie M, Marty M, Lidereau R, Bieche 
I (2008). NF-kappa B genes have a major role in inflammatory breast 
cancer. BMC Cancer 8, 41.

Li J, Chen H, Tang MS, Shi X, Amin S, Desai D, Costa M, Huang C (2004). 
PI-3K and Akt are mediators of AP-1 induction by 5-MCDE in mouse 
epidermal Cl41 cells. J Cell Biol 165, 77–86.

Li M, Chiu JF, Mossman BT, Fukagawa NK (2006). Down-regulation of 
manganese-superoxide dismutase through phosphorylation of FOXO3a 
by Akt in explanted vascular smooth muscle cells from old rats. J Biol 
Chem 281, 40429–40439.

Lin L, Ghosh S (1996). A glycine-rich region in NF-kappaB p105 functions as 
a processing signal for the generation of the p50 subunit. Mol Cell Biol 
16, 2248–2254.

Liu C, Ogando D, Bonanno JA (2011). SOD2 contributes to anti-oxidative 
capacity in rabbit corneal endothelial cells. Mol Vis 17, 2473–2481.

Liu JW, Chandra D, Rudd MD, Butler AP, Pallotta V, Brown D, Coffer PJ, 
Tang DG (2005). Induction of prosurvival molecules by apoptotic stimuli: 
involvement of FOXO3a and ROS. Oncogene 24, 2020–2031.

Makino N, Maeda T, Oyama J, Sasaki M, Higuchi Y, Mimori K, Shimizu T 
(2011). Antioxidant therapy attenuates myocardial telomerase activity 
reduction in superoxide dismutase-deficient mice. J Mol Cell Cardiol 50, 
670–677.

Marfe G, Tafani M, Pucci B, Di Stefano C, Indelicato M, Andreoli A, Russo 
MA, Sinibaldi-Salimei P, Manzi V (2010). The effect of marathon on mRNA 
expression of anti-apoptotic and pro-apoptotic proteins and sirtuins fam-
ily in male recreational long-distance runners. BMC Physiol 10, 7.

Miao L, St Clair DK (2009). Regulation of superoxide dismutase genes: 
implications in disease. Free Radic Biol Med 47, 344–356.




