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Abstract
The biological function of NF-κB1 (p50) in the regulation of protein expression is far from well
understood owing to the lack of a transcriptional domain. Here, we report a novel function of p50
in its regulation of p53 protein translation under stress conditions. We found that the deletion of
p50 (p50–/–) impaired arsenite-induced p53 protein expression, which could be restored after
reconstitutive expression of HA-p50 in p50–/– cells, p50–/– (Ad-HA-p50). Further studies
indicated that the amounts of p53 mRNA, p53 promoter-driven transcription activity and p53
protein degradation were comparable between wild-type and p50–/– cells. Moreover, we found
that p50 was crucial for Akt/S6 ribosomal protein activation via inhibition of the translation of the
PH domain and leucine-rich repeat protein phosphatases 1 (PHLPP1), a phosphatase of Akt.
Further studies showed that p50-mediated upregulation of miR-190 was responsible for the
inhibition of PHLPP1 translation by targeting the 3′-untranslated region of its mRNA.
Collectively, we have identified a novel function of p50 in modulating p53 protein translation via
regulation of the miR-190/PHLPP1/Akt-S6 ribosomal protein pathway.
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INTRODUCTION
Tumor suppressor p53 is a transcription factor that is responsible for the transcriptional
regulation of several important genes implicated in cell cycle control, DNA repair and
apoptosis.1–4 The p53 protein expression is regulated at the levels of transcription,
translation, protein modification and turnover, and cellular compartmentalization, as well as
association with other proteins.5–9 For example, p53 is upregulated in cell response to
genotoxic agents, such as ionizing radiation, and certain environmental stress chemicals,
through multiple mechanisms, including transcription, protein modification and
degradation.1–4 Arsenite is a well-known environmental human carcinogen and an
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anticancer therapeutic agent.10–12 Previous studies have shown that arsenite exposure
elevates p53 protein expression in various cells.13 However, the molecular mechanisms
underlying the upregulation of p53 protein expression are far from well understood.

NF-κB consists of five members in mammalian cells, including NF-kB1 (p50), NF-κB2
(p52), Rel A (p65), Rel B and c-Rel.14 Unlike other members, both p50 and p52 are lacking
a transactivation domain.15 To function as a transcription factor, p50 forms a heterodimer
with p65, Rel B or c-Rel.16 It has been reported that p50 homodimers can translocate into
the nucleus and bind with the NF-κB-binding sites of its target genes. Although deficiency
of p50 blocks NF-κB activation and attenuates neointimal hyperplasia,17 p50 homodimer
alone cannot act as a transcription factor to regulate NF-κB downstream genes’ expression.
For this reason, biological functions of p50 are much less studied in comparison with the
other members of the NF-κB family. Recently, we demonstrated that p50 can mediate
growth arrest and DNA damage (GADD) 45a protein expression by inhibiting GADD45α
protein degradation via increasing its de-ubiquitination.18 Here we report that p50 modulates
p53 expression at the translational level by regulating miR-190/PH domain and leucine-rich
repeat protein phosphatases 1 (PHLPP1)/Akt-S6 ribosomal protein pathway.

RESULTS
P50 protein regulated p53 protein translation

Previous studies have shown that arsenite exposure elevates p53 protein expression in
various cells.13 To evaluate whether p50 is involved in arsenite-induced p53 protein
expression, p53 expression level in p50–/– cells was compared with that of wild-type (WT)
murine embryonic fibroblasts (MEFs) following arsenite exposure. As shown in Figure 1a, a
deletion of p50 in MEFs (p50–/–) resulted in the loss of p53 protein induction following
arsenite exposure, whereas basal levels of p53 protein expression were comparable between
WT and p50–/– cells (Figure 1a). Consistently, phosphorylation of p53 at Ser15 and the
induction of p21, a p53-regulated downstream gene, were also impaired in p50–/– cells
(Figure 1a). The critical role of p50 for arsenite-induced p53 protein expression and function
was further verified by the finding that reconstituted expression of p50 in p50–/– cells using
Ad-HA-p50 could restore the induction of p53 protein expression and p21 expression
following arsenite exposure (Figure 1b). In addition, p50 short hairpin RNA (shRNA) was
used to knockdown endogenous p50 expression and to investigate the p53 induction
following arsenite treatment. As shown in Figure 1c, knockdown of p50 in normal mouse
epidermal JB6 Cl41 cells led to a marked reduction of p53 protein expression following
arsenite exposure. A similar result was reproduced with the introduction of p50 shRNA into
normal MEFs (data not shown). However, knockdown of p50 expression by p50 shRNA in
human colon cancer HCT116 cells (HCT116/shRNA p50) did not show any observable
inhibition of p53 protein induction by arsenite compared with Non-silencing HCT116 cells
(HCT116/Non-silencing) (Figure 1d). It is known that p53 expression is regulated at the
transcriptional and protein degradation levels owing to oxidative stress,19,20 and that
oxidative status in cancer cells is distinct from normal cells.21 We therefore anticipate that
the distinctions of oxidative status between normal and cancer cells might be responsible for
the differential role of p50 in the regulation of p53 protein expression observed in normal
and cancer cell lines. As arsenite is used as an effective chemotherapeutic medication of
certain types of leukemia, we aimed to evaluate whether p50 could also regulate p53
induction by other anticancer drugs, such as etoposide, a widely used chemotherapeutic
agent with p53 inductive activity at both translational and post-translational levels.22–26 As
shown in Figure 1e, etoposide-induced p53 protein expression was partially inhibited in
p50–/– cells (Figure 1e), revealing that p50 might mediate p53 upregulation either at the
transcriptional level or at the translational level.
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To test whether arsenite induced p53 expression at the transcriptional level, WT MEFs were
transfected with p53 promoter luciferase reporter. The result indicated that neither arsenite
nor etoposide showed an observable effect on p53 promoter activity, whereas ultraviolet B
radiation showed a significant induction (Figure 2a), suggesting that p53 protein induction
due to arsenite exposure did not occur at the transcriptional level. p53 mRNA level was
further compared between WT and p50–/– cells, and it was almost comparable between WT
and p50–/– cells (Figure 2b). Following this, the p53 protein degradation rate was evaluated.
As shown in Figure 2c, after MG132 pretreatment for 4 h, the medium containing MG132
was replaced with a medium containing cycloheximide, or cycloheximide plus arsenite, as
indicated. The results showed that the p53 protein degradation rate in p50–/– cells was
slightly lower than that of WT cells in the absence of arsenite. Moreover, arsenite treatment
inhibited the p53 protein degradation in a similar pattern in both WT and p50–/– MEFs,
indicating that the defect of p53 protein induction by arsenite in p50–/– cells was not
regulated at the protein degradation level. It suggested that p50 might regulate p53
expression at the protein translational level. To this end, short-term pulse-labeling assay was
performed to examine p53 protein translational process in both WT and p50–/– cells. As
shown in Figure 2d, the incorporation of 35S-methionine/cysteine into newly synthesized
p53 protein was gradually increased along with the incubation time in WT cells, whereas the
p53 protein synthesis rate was markedly reduced in p50–/– cells, indicating that the
synthesis of p53 protein in p50–/– cells was impaired in comparison with WT cells
following arsenite exposure. Importantly, etoposide-induced new p53 protein synthesis was
also blocked in p50–/– cells (Figure 2e). These results strongly supported our notion that
p50 was crucial for p53 protein translation following either arsenite or etoposide exposure.

Akt/S6 ribosomal protein pathway was downregulated in p50–/– cells
Ribosomal protein S6 has an important role in the regulation of protein translation,27 and its
phosphorylations at Ser235/236 in the C terminus were required for enhancing the affinity
for m7GpppG cap of mRNA.28 Thus, the Akt/S6 ribosomal protein activation was
determined following arsenite exposure. In the early time phase (1–3 h after exposure),
arsenite exposure caused an increase in S6 ribosomal protein phosphorylations at Ser235/
236 in both WT and p50–/– cells. However, the phosphorylations in p50–/– cells were
markedly inhibited at 6 and 12 h in comparison with those in WT cells (Figure 3a).
Consistently, the phosphorylation of Akt at Ser473 showed similar changes between WT
and p50–/– MEFs (Figure 3a). The findings were further verified by the facts that the
introduction of HA-p50 back into p50–/– cells was able to restore the phosphorylations of
both S6 ribosomal protein at Ser235/236 and Akt at Ser473 (Figure 3c). In contrast to p50
regulation of Akt/S6 ribosomal protein phosphorylation, ectopic expression of HA-p50 in
p50–/– cells did not show restoration of phosphorylations of p70 S6 kinase at either
T389/421 in p50–/– cells (Figure 3c), although p50 deficiency led to the inhibition of
phosphorylations of p70 S6 kinase at T389/421 (Figure 3b). The results suggested that p50-
mediated regulation of S6 ribosomal protein phosphorylations at Ser235/236 might be
controlled by Akt, but not by p70 S6 kinase. As the phosphorylations of both S6 ribosomal
protein at Ser235/236 and Akt at Ser473 in the early phase did not show any difference
between WT and p50–/– MEFs, but their activation in the late phase showed a marked
difference between these two cells, we anticipated that the kinase responsible for the
activation of Akt/S6 ribosomal protein pathway was not affected in p50–/– cells, whereas
the major difference in the phosphorylations of Akt/S6 ribosomal protein during the late
phase could be due to p50-mediated phosphatase alteration.
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PHLPP1 was a downstream phosphatase that was responsible for p50-mediated activation
of Akt/S6 ribosomal protein

Phosphatase and tensin homolog (PTEN) is a tumor suppressor that negatively regulates the
phosphatidylinositol 3-kinase/Akt pathway by dephosphorylation of the lipid second
message, PI(3,4,5)P3, a product of phosphatidylinositol 3-kinase.29 The phosphorylation of
PTEN at Ser380 is critical for its protein stability30 and for repressing phosphatase
activation.31 Therefore, the total PTEN protein expression and phosphor-PTEN at Ser380
were evaluated between WT and p50–/– MEFs following arsenite exposure. The results
showed that there was no significant difference in either PTEN protein expression or
phosphorylation among WT, p50–/– and p50–/– (Ad-HA-p50) cells (Figures 2d and e),
suggesting that p50-mediated regulation of Akt/S6 ribosomal protein activation is through a
PTEN-independent pathway.

PHLPP1 is an important Akt phosphatase responsible for dephosphorylating Akt at
Ser473.32 To test whether PHLPP1 is involved in p50-mediated regulation of activation of
Akt/S6 ribosomal protein pathway upon arsenite exposure, the effect of arsenite exposure on
PHLPP1 protein expression was first determined. The results indicated that arsenite
exposure markedly downregulated PHLPP1 protein expression in WT cells (Figure 4a, left
panel). Depletion of p50 (p50–/–) led to a markedly increased basal level of PHLPP1
expression, and arsenite did not cause an obvious downregulation of PHLPP1 in p50–/–
cells compared with that observed in WT cells (Figure 4a, right panel). Consistently, ectopic
expression of Ad-HA-p50 in p50–/– cells reduced PHLPP1 expression and restored the
downregulation of PHLPP1 caused by arsenite treatment (Figure 4b). The data suggested
that PHLPP1 might be a mediator for p50 in the activation of the Akt/S6 ribosomal protein
pathway. This notion was greatly supported by our further studies showing that the
knockdown of PHLPP1 in p50–/– cells resulted in a significant increase of the basal
phosphorylations levels of Akt/S6 ribosomal protein (Figure 4c). More importantly,
introduction of shRNA PHLPP1 in p50–/– cells restored arsenite-induced p53 expression, as
well as phosphorylations of Akt/S6 ribosomal protein (Figure 4d). Moreover, knockdown of
p50 in JB6 Cl41 cells also impaired arsenite-induced phosphorylations of Akt at Ser473 and
S6 ribosomal protein at Ser235/236, in comparison with Non-silencing control transfectants
(Figure 4e). These results indicated that PHLPP1 was a downstream phosphatase of p50 that
had a role in the mediation of phosphorylations of Akt at Ser473 and S6 ribosomal protein at
Ser235/236 following arsenite treatment.

It is known that etoposide causes DNA double-strand breaks,33 a genotoxic stress that
usually leads to halt of cap-dependent protein translation, whereas internal ribosome entry
site-dependent translation initiation machinery maintains the expression of certain critical
proteins involved in cell growth, survival and death during cellular stress, for example,
p53.34 Thus, etoposide has been known to increase p53 protein expression by regulating
cap-independent, internal ribosome entry site-dependent p53 translation.26 In contrast,
arsenite is rarely found to function as a mutagen, rather it majorly regulates gene expression
via modulation of either transcription, protein degradation or epigenetic mechanisms.35

Consistently, our results showed that although p53 protein expression and Akt
phosphorylation at Ser473 were reduced in p50–/– cells following etoposide treatment, S6
ribosomal protein phosphorylation at Ser235/236 was not inhibited in p50–/– cells following
etoposide treatment (Figure 4f). Collectively, our results suggest that although p50 was
crucial for cap-dependent p53 protein translation via activation of the Akt/S6 pathway in
arsenite response, p50-mediated p53 protein translation is through S6 ribosomal protein-
independent mechanisms upon etoposide treatment.
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Akt/S6 ribosomal protein activation was critical for p53 protein translation following
arsenite treatment

To clarify whether the Akt/S6 ribosomal protein pathway has a role in p53 protein
translation upon arsenite exposure, the construct of dominant-negative (DN)-Akt29,36 was
stably introduced into WT cells and a stable transfectant, WT/DN-Akt, was established. As
shown in Figure 5a, the introduction of DN-Akt into WT cells showed a marked inhibition
of Akt phosphorylation and subsequently blocked arsenite-induced S6 ribosomal protein
phosphorylations at Ser235/236 (Figure 5a), suggesting that S6 ribosomal protein
phosphorylations at Ser235/236 were mediated by activated Akt in arsenite response.
Moreover, p53 induction and its regulated p21 expression by arsenite were also impaired in
WT/DN-Akt transfectant in comparison with WT/vector cells (Figure 5b), indicating that
Akt/S6 ribosomal protein activation was important for p53 induction by arsenite. However,
mRNA expression levels of p53 were comparable between WT/vector and WT/DN-Akt
cells (Figure 5c). In addition, the p53 protein degradation rate in WT/DN-Akt cells showed
only a marginal increase in WT/vector cells (Figure 5d), revealing that the regulation of p53
induction by the Akt/S6 ribosomal protein pathway in arsenite response was not primarily
through protein degradation. To test the role of S6 ribosomal protein in p53 production,
rapamycin, a specific mammalian target rapamycin (mTOR) inhibitor, was used. As shown
in Figure 5e, pretreatment of cells with rapamycin inhibited phosphorylations of both mTOR
at Ser2448/2481 and S6 ribosomal protein at Ser235/236. Consistently, p53 protein
induction and its regulated p21 expression were also impaired by rapamycin (Figure 5f).

P50 downregulated PHLPP1 translation by increasing miR-190 expression
To evaluate the molecular mechanisms underlying p50-regulated PHLPP1 expression, we
first determined the mRNA levels of PHLPP1 in both WT and p50–/– cells exposed to
arsenite. The results showed that arsenite did not change PHLPP1 mRNA expression in
either cells (Figure 6a), suggesting that the downregulation of PHLPP1 expression by
arsenite did not occur by affecting transcription or mRNA stability. It had been reported that
microRNA, a class of ~22-nucleotide noncoding small RNAs, was able to bind to the 3′-
untranslated region (UTR) of target genes and inhibit their translation,37 and miR-190 could
regulate human PHLPP1 protein translation.38 As shown in Figure 6b, miR-190 also had
potential binding sites in 3′-UTR sequence of mouse PHLPP1 mRNA. We compared
arsenite-induced miR-190 expression between WT and p50–/– cells. The results from the
real-time polymerase chain reaction (PCR) assay indicated that arsenite treatment resulted in
a significant induction of miR-190 in WT cells, whereas this induction was totally impaired
in p50–/– MEFs under the same experimental conditions (Figure 6c). To test whether
miR-190 was involved in the translational regulation of PHLPP1, PHLPP1 3′-UTR
luciferase reporter or PHLPP1 3′-UTR luciferase reporter with the deletion of miR-190
binding sites (named as 3′-UTR short luciferase reporter) was transiently co-transfected with
pRL-TK into WT and p50–/– cells, respectively. The transfectants were exposed to 20 μM

arsenite for 12 h, and the luciferase activity was determined and normalized to pRL-TK
activity. The results showed that PHLPP1 3′-UTR luciferase activity upon arsenite exposure
was significantly increased in p50–/– cells compared with that in the WT cells, whereas this
increased luciferase activity was not observed in p50–/– cells transfected with PHLPP1 3′-
UTR short luciferase reporter (Figure 6d). These results clearly indicated that p50
expression was crucial for arsenite-induced miR-190 expression and that miR-190 could
suppress PHLPP1 translation by interacting with binding sites of PHLPP1 mRNA 3′-UTR.
To verify whether miR-190 could regulate PHLPP1 expression in p50–/– cells, a construct
containing miR-190 was transfected into p50–/– cells, and the stable transfectants were
named p50–/– miR-190. In comparison with p50–/– vector cells, the PHLPP1 protein level
was downregulated in p50–/– miR-190 cells, and subsequently phosphorylations of Akt at
Ser473 and S6 ribosomal protein at Ser235/236 were markedly increased (Figure 6e).
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Furthermore, p53 protein expression was elevated in p50–/– miR-190 cells (Figure 6e).
These results demonstrated that p50 downregulated the translation of PHLPP1 by increasing
miR-190 expression.

P50-mediated miR-190/PHLPP1 expression was critical for cell apoptotic response due to
arsenite exposure

To test whether p50-mediated miR-190/PHLPP1/p53 had a role in arsenite-induced cell
apoptosis, we first compared cell apoptotic response between WT and p50–/– MEFs. The
results showed that p50 was crucial for arsenite-induced cell apoptosis (Figures 7a–c), which
was consistent with our previous studies.18 We next evaluated the role of PHLPP1 in
arsenite-induced cell apoptosis using p50–/– shRNA PHLPP1 cells and the control Non-
silencing cells. As shown in Figures 7d–f, specific knockdown of PHLPP1 in p50–/– cells
rendered p50–/y1 cells more sensitive to apoptotic response as compared with Non-silencing
transfectants, suggesting that PHLPP1 is a p50 downstream target responsible for the
resistance of p50–/– cells to apoptotic response. Moreover, we observed the effect of
overexpression of miR-190 on apoptotic induction by arsenite in p50–/– cells. Our results
showed that the introduction of miR-190 into p50–/– cells increased the apoptosis due to
arsenite exposure (Figures 7g–i). Our results demonstrated that the regulation of miR-190/
PHLPP1 was at least one of the major mechanisms responsible for p50-mediated cell
apoptosis following arsenite exposure (Figure 7j).

DISCUSSION
P50 exists in mammalian cells either as a homodimer or a heterodimer with p65, RelB or c-
Rel.15 As p50 lacks the transcriptional domain, it exerts its biological function as a
transcription factor mainly by forming a heterodimer with p65, RelB or c-Rel.15 However,
the function of the p50 homodimer has been the subject of few studies. Our previous studies
demonstrated that p50 mediated arsenite-induced cell apoptosis by regulating GADD45α
protein degradation.18 Here we identified a novel function of p50 in the regulation of p53
protein expression at the translational level. Our results further indicated that p50-mediated
p53 translation was regulated by the activation of the Akt/S6 ribosomal protein pathway,
which resulted from the downregulation of the PHLPP1 expression via enhancement of the
miR-190 level. Combined with the positive role of p50 in the manipulation of GADD45α/
JNK pathway activation,18 it was concluded that p50 was involved in arsenite-induced cell
apoptosis through increment of either p53 translation or upregulation of the GADD45α/JNK
pathway in a transcriptional- or post-translational-dependent manner, as elucidated in Figure
7j.

P53 is a tumor suppressor that has a crucial role in circumventing cancer development.2

Regulation of p53 expression at the transcriptional or protein degradation levels has been
studied extensively. For example, oxidant stress, such as arsenite or ultraviolet, can induce
p53 gene transcription. MDM2, the E3 ubiquitin ligase of p53, promotes p53 nuclear export
and degradation through binding with p53 directly.39–41 Recent reports have also shown that
arsenite enhances mutant p53 degradation.42 However, translational regulation of p53,
particularly under oxidant stress such as arsenite exposure, is largely unexplored. Our
current studies demonstrated a crucial role of p50 in arsenite-induced p53 translation. We
showed that the p53 protein induction by arsenite was impaired in p50–/– cells, which could
be restored by the introduction of p50 into p50–/– cells. In contrast to the protein level, p53
mRNA level and protein degradation rate were comparable between WT and p50–/– cells,
suggesting that p50 might regulate p53 translation. Ribosomal protein S6 is a well-known
mediator of protein translation.28 Our results indicated that phosphorylations of Akt/S6
ribosomal protein induced by arsenite were markedly inhibited in p50–/– cells in
comparison with that in WT cells, indicating that Akt/S6 ribosomal protein may be a p50
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downstream target that is responsible for regulating p53 protein translation. This notion was
greatly supported by our results indicating that inhibition of Akt/S6 ribosomal protein by
overexpression of DN-Akt in WT cells attenuated p53 protein induction, but not p53 mRNA
and protein degradation, whereas activation of Akt/S6 ribosomal protein by the introduction
of miR-190 into p50–/– cells markedly increased in p53 protein expression. Taken together,
our results demonstrated that p50 has a critical role in p53 protein translation due to arsenite
exposure.

One of p53's biological functions is to trigger cell apoptosis.43–45 P53 also has a vital role in
maintaining chemosensitivity and radiosensitivity for cancer therapy.46,47 Our previous
studies showed that p50 has an important role in arsenite-induced cell apoptotic response.18

To determine the role of p50-dependent p53 translation mediated by miR-190/PHLPP1 in
apoptotic response upon arsenite exposure, we determined the effect of knockdown of
PHLPP1 or introduction of miR-190 on arsenite-induced apoptosis in p50–/– cells. Our
results showed that upregulation of p53 expression through knockdown of PHLPP1 or
overexpression of miR-190 rendered the p50–/– cells more sensitive to cell apoptosis due to
arsenite exposure. These data indicated that miR-190/PHLPP1-regulated p53 translation was
crucial for p50-mediated cell apoptosis upon arsenite exposure.

PHLPP1 is a protein phosphatase that was recently discovered to be an Akt phosphatase.32

The loss or decrease of PHLPP family expression has been found in colon cancer tissues,
and re-expression of either PHLPP1 or PHLPP2 into HCT116 cells suppresses tumor growth
in vivo.48 Our results showed that PHLPP1 protein expression was much higher in p50–/–
cells compared with that in WT cells, whereas the increased PHLPP1 expression in p50–/–
cells could be inhibited by either introduction of p50 expression or miR-190. Importantly,
we found that p50 was critical for miR-190 induction caused by arsenite exposure and that
arsenite downregulation of PHLPP1 translation was dependent on binding of miR-190 to
PHLPP1 mRNA 3′-UTR. These data demonstrated that p50 was able to specifically
downregulate PHLPP1 translation by upregulating miR-190 upon arsenite exposure.

Micro-RNA (miRNA) belongs to the small noncoding RNA family and has an important
role in post-transcriptional regulation.37 Most miRNAs are located at the intron of other
genes and do not have their own promoter sequence.49 In mammalian cells, primiRNA is
gained after transcription with another gene. It is spliced by Drosha in the nucleus into pre-
miRNA, and then transferred to the cytoplasm and digested by Dicer into mature
miRNAs.37,49 As an important mechanism of post-transcriptional regulation, miRNA can
bind to 3′-UTR of the target gene and regulate its translation.37 A current study showed that
miR-190 was upregulated in WT cells following arsenite exposure, but this miR-190
induction was impaired in p50–/– experimental cells under the same conditions. This
indicated that p50 was required for miR-190 induction by arsenite. The transcription factor
YY1 is reported to increase miR-190 expression,50 and p65/p50 complexes can enhance
YY1 expression through binding with its promoter.51 Thus, we anticipated that p50
deficiency might affect YY1 expression, subsequently resulting in the reduction of miR-190
expression. Our next study will focus on the mechanisms underlying the p50 regulation of
miR-190 expression.

In summary, our results demonstrated a novel function of p50 in regulating p53 translation
through targeting the miR-190/PHLPP1/Akt-S6 ribosomal protein pathways. This finding
provided new insight into the understanding of p50 regulation of cell apoptotic response, as
well as a cross talk among p50, Akt and p53 upon arsenite exposure. A complete
understanding of the key molecules involved in carcinogenesis and anticarcinogenesis will
help us utilize them as targets for both prevention and therapy of cancers.
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MATERIALS AND METHODS
Plasmids, adenovirus, antibodies and other reagents

Akt with T308A and K473A mutants was cloned in the retroviral vector SRα and named
DN-Akt.36,52,53 V5-DEST-miR190 and the control constructs were kind gifts from Dr Ping-
Yee Law (Department of Pharmacology, University of Minnesota, Minneapolis, MN, USA).
HA-p50 and control vector were kindly provided by Dr Jianping Ye (Pennington
Biomedical Research Center, Louisiana State University, Baton Rouge, LA, USA), and Ad-
HA-p50 and its control Ad-HA were constructed according to the manufacturer's
instructions. The shRNA sets for human and mouse p50 were purchased from Open
Biosystems (Thermo Fisher Scientific, Huntsville, AL, USA). Human PHLPP1 3′-UTR
luciferase reporter and PHLPP1 3′-UTR short luciferase reporter (the binding site of
miR-190 was deleted) were cloned into the pGL3 luciferase assay vector, and were kindly
provided by Dr Fei Chen (Department of Pharmaceutical Sciences, Wayne State University,
Detroit, MI, USA). The antibodies specific for p53, phosphor (P)-p53 Ser15, Akt, P-Akt
Thr308, P-Akt Ser473, mTOR, P-mTOR Ser2448, P-mTOR Ser2481, p70 S6 kinase, P-p70
S6 kinase Thr421/Ser424, P-p70 S6 kinase Thr389, PTEN, P-PTEN Ser380, S6 ribosomal
protein, P-S6 ribosomal protein Ser235/236, poly (ADP-ribose) polymerase and caspase 3
were purchased from Cell Signaling (Beverly, MA, USA). Antibodies specific for mouse
p50 and p21 were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antibody
specific for PHLPP1 was purchased from Bethyl Laboratories Inc. (Montgomery, TX,
USA). HA antibody was purchased from Covance Inc. (Princeton, NJ, USA). β-Actin
antibody and etoposide were purchased from Sigma (St Louis, MO, USA). Chemicals of
MG132, cycloheximide and rapamycin were purchased from Calbiochem (San Diego, CA,
USA). The dual luciferase assay substrate was purchased from Promega (Madison, WI,
USA).

Cell culture and transfectants
P50–/– and its corresponding WT MEFs were described in our previous publication.18 All
MEFs and their transfectants were cultured at 37 1C with 5% CO2 with 10% fetal bovine
serum Dulbecco's modified Eagle's medium (DMEM) supplied with 1% penicillin/
streptomycin and 2 μM L-glutamine (Life Technologies, Grand Island, NY, USA). WT MEFs
were stably transfected with DN-Akt29 or p53 promoter luciferase reporter using FuGENE
HD (Roche Applied Science, Indianapolis, IN, USA), following the manufacturer's
instructions. The specific shRNAs together with PolyJet DNA In Vitro Transfection Reagent
(SignaGen Laboratories, Rockville, MD, USA) were used to knock down PHLPP1
expression or overexpression of miR-190 in p50–/– cells, and stable transfectants, p50–/–
(shRNA PHLPP1) and p50–/– (miR-190), were selected by puromycin (Alexis, Plymouth,
PA, USA).

Reverse transcription-polymerase chain reaction (RT–PCR)
Cells were treated with 10 and/or 20 μM arsenite for the indicated time points, and were then
used for total RNA extraction using TRIzol reagent (Invitrogen, Grand Island, NY, USA),
according to the manufacturer's instructions. Total RNA (5 μg) was used for first-strand
cDNA synthesis with oligdT(20) primer by SuperScript III First-Strand Synthesis system
(Invitrogen). Specific primers (Invitrogen) were used for PCR amplification. The primers
used in this study were as follows: p53 (forward: 5′-CACGTACTCTCCTCCCCTCA-3′;
reverse: 5′-CTTCTGTACGGCGGTCTCTC-3′), PHLPP1 (forward: 5′-
CAAATGGGCTGAGCGCCTCGT-3′; reverse: 5′-GCTGCGACACCACCTTAGACGC-3′)
and β-actin (forward: 5′-CCTGTGGCATCCATGAAACT-3′; reverse: 5′-
GTGCTAGGAGCCAGAGCAGT-3′). The PCR product was analyzed by agarose gel. The
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densitometric analyses of the product bands were performed using the ImageQuant 5.2
software (GE Healthcare, Pittsburgh, PA, USA).

Quantitative RT–PCR for miRNA assay
Cells were treated with arsenite as indicated, and then used for total RNA extraction using
the miRNeasy Mini Kit (Qiagen, Valencia, CA, USA). Total RNA (1 μg) was used for
reverse transcription. The analysis of miR-190 expression was carried out using the miScript
PCR system (Qiagen) and the 7900HT Fast Real-time PCR system (Applied Biosystems,
Carlsbad, CA, USA). The primer for miR-190 assay was purchased from Qiagen, and β-
actin (Invitrogen) was used as a control (forward: 5′-CCTGTGGCATCCATGAAACT-3′;
reverse: 5′-GTGCTAGGAGCCAGAGCAGT-3′). The initial activation was performed at 95
°C for 15 min, followed by 40 cycles of denaturation at 95 °C for 15 s, annealing at 55 °C
for 30 s and extension at 70 °C for 30 s. Data were analyzed as described in the previous
publication.29

Luciferase assay
For the determination of p53 promoter-driven luciferase transcription, WT cells stably
transfected with the p53 promoter luciferase reporter were seeded into a 96-well plate. The
cells were exposed to arsenite, etoposide or ultraviolet B as indicated, and then lysed for
luciferase assay using luciferase substrate (Promega) as described.29 For the determination
of PHLPP1 3′-UTR luciferase reporter activity, WT and p50–/– cells were transiently
transfected with PHLPP1 3′-UTR luciferase reporter/TK or PHLPP1 3′-UTR short
luciferase reporter/TK, respectively. At 12 h after transfection, cells were seeded into a 96-
well plate and cultured until they were 70–80% confluent. The cell culture medium was
replaced with 0.1% fetal bovine serum DMEM and cultured for another 12 h, and the cells
were then exposed to 20 μM arsenite for 12 h. Luciferase activity was determined using the
Dual-Luciferase Reporter Assay System (Promega) and analyzed relative to internal TK
activity according to the manufacturer's instructions.

Flow cytometry
Cells were seeded into 6-well plates and cultured until they were 70–80% confluent. The
cell culture medium was replaced with 0.1% fetal bovine serum DMEM and cultured for
another 12 h, and the cells were then exposed to 20 μM arsenite for the indicated duration.
All cells were collected by centrifugation at 1500 r.p.m. for 5 min. The cell pellets were
washed with ice-cold phosphate-buffered saline one to two times, and then fixed in ice-cold
70% ethanol at 20 1C overnight. The cells were washed with phosphate-buffered saline one
or three times, and cell apoptosis was analyzed using flow cytometry (Beckman,
Indianapolis IN, USA) after staining for 15 min with propidium iodide (PI) buffer (0.1%
Triton X-100, 0.2 mg/ml RNase A, 0.05 mg/ml propidium iodide).

[35S]methionine pulse assays
Cells were exposed to 20 mm of arsenite or etoposide for 9 h, and then incubated with
methionine–cysteine-free DMEM (Gibco-BRL, Grand Island, NY, USA) containing 2%
dialyzed fetal calf serum (Gibco-BRL) and 50 μm MG132 for 1 h. The cells were then
incubated with 2% fetal bovine serum methionine–cysteine-free DMEM containing 35S-
labeled methionine/cysteine (250 μCi per dish, Trans 35S-label; ICN) for the indicated time
periods. The cells were extracted with lysis buffer (Cell Signaling) containing complete
protein inhibitor mixture (Roche) on ice. Total lysate of 500 mg was incubated with anti-p53
antibody-conjugated agarose beads (R&D Systems, Minneapolis, MN, USA) overnight at 4
°C. The immunoprecipitated samples were washed with the cell lysis buffer five times,
heated at 100 °C for 5 min and subjected to sodium dodecyl sulfate–polyacrylamide gel
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electrophoresis analysis. 35S-labeled p53 protein was detected with the PhosphorImager
(Molecular Dynamics, Kent City, MI, USA).

Western blotting
Cells were seeded into 6-well plates and cultured until they were 70–80% confluent. The
cells were extracted with cell lysis buffer (10 mM Tris-HCl, pH 7.4, 1% sodium dodecyl
sulfate, 1 mM Na3VO4 and proteasome inhibitor) and protein concentration was determined
using Nano Drop 2000 (Thermo Scientific, Holtsville, NY, USA). A measure of 30–60 μg
of proteins per sample was subjected to sodium dodecyl sulfate–polyacrylamide gel
electrophoresis, and western blotting was carried as described in our previous report.29 The
densitometric analyses of the bands were performed using the ImageQuant 5.2 software (GE
Healthcare). The results shown were representative of three independent experiments.

Statistical methods
The Student's t-test was used to determine significant differences. The differences were
considered to be significant at .
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Figure 1.
P50 regulated p53 expression following arsenite and etoposide exposure. (a, b and e) WT
and p50–/– MEFs were exposed to arsenite or etoposide for 12 h, and the cell extracts were
subjected to western blotting for the detection of p53, phosphor-p53 at Ser15, p21, HA and
b-actin. (c and d) shRNA p50 was stably transfected into human colon cancer HCT116 cells
(c) and mouse epidermal JB6 Cl41 cells (d). P53 protein expression was determined by
western blotting, and β-actin was used as protein-loading controls.
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Figure 2.
P50 regulated p53 protein translation following exposure to arsenite and etoposide (etop).
(a) P53 promoter activity was analyzed by measuring p53 promoter-driven luciferase
activity following exposure to arsenite or etoposide for 12 h. Ultraviolet B (UVB) was used
as a positive control. *Significant increase in comparison with medium control (P<0.05). (b)
P53 mRNA level in WT and p50–/– cells was analyzed using RT–PCR. (c) After
pretreatment with MG132 (10 μM) for 4 h, cycloheximide (CHX) (10 μM) in combination
with or without arsenite (20 μM) was added into the culture medium and incubated for the
indicated time, and the cells were then extracted for the determination of p53 protein
expression by western blotting. (d and e) WT and p50–/– MEFs were exposed to 20 μM

arsenite (d) or 10 μM etoposide (e) for 9 h. Newly synthesized p53 protein was monitored by
pulse assay using 35S-labeled methionine/cysteine, and WCL stands for whole cell lysate.
Coomassie blue staining was used for protein loading control.

Yu et al. Page 15

Oncogene. Author manuscript; available in PMC 2014 February 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
The Akt/S6 ribosomal protein pathway was a mediator for p50-regulated p53 translation.
Cells were exposed to (a) arsenite (20 μM) for an indicated time or (b) arsenite at indicated
doses for 12 h. The cell extracts were subjected to western blotting. (c) P50–/– cells were
infected with Ad-HA or Ad-HA-p50 for 12 h, and then exposed to arsenite at the indicated
doses for 12 h. The cell extracts were subjected to western blotting. (d and e) The indicated
cells were exposed to arsenite for 12 h, and the cell extracts were subjected to western
blotting for the detection of p-PTEN at Ser380 and total PTEN. The densitometric analyses
of the bands were performed using the ImageQuant 5.2 software (GE Healthcare). The
results shown are representative of three independent experiments. HA, hemagglutinin;
PTEN, phosphatase and tensin homolog.
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Figure 4.
PHLPP1 downregulation by p50-mediated Akt/S6 ribosomal protein activation and p53
protein expression. (a and b) PHLPP1 expression levels were compared between WT,
p50–/–, p50–/– (vector) and p50–/– (Ad-HA-p50) following exposure to 20 μM arsenite. (c
and d) Indicated stable transfectants were used to analyze PHLPP1, phosphor-Akt,
phosphor-S6 ribosomal protein and p53 with or without arsenite treatment for 12 h. (e and f)
JB6 Cl41 transfectants were exposed to arsenite (20 μM) for the indicated time points (e), or
WT and p50–/– cells were exposed to etoposide for 12 h (f). The cells were extracted and
protein samples were subjected to western blotting.
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Figure 5.
Arsenite induced p53 translation through Akt/S6 ribosomal protein activation. (a and b)
Cells were exposed to arsenite for 12 h, and the cell extracts were subjected to western
blotting for the detection of phosphor-Akt, phosphor-S6 ribosomal protein, p53, phosphor-
p53 at Ser15 and p21. (c) The mRNA level of p53 in WT (vector) and WT (DN-Akt) cells
was analyzed using RT–PCR. (d) After pretreatment with MG132 (10 μM) for 4 h,
cycloheximide (CHX) (10 μM) was added to cells and incubated for the indicated additional
time. Cells were extracted and subjected to western blotting for the determination of p53
protein degradation. (e and f) After pretreatment of cells with rapamycin (40 nM) for 30 min,
cells were exposed to arsenite at the indicated doses for 12 h. Cells were extracted and cell
extracts were subjected to western blotting for the determination of phosphor-mTOR,
phosphor-S6 ribosomal protein, p53, phosphor-p53 and p21.
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Figure 6.
P50 attenuated PHLPP1 translation via upregulation of miR-190 expression. (a) Total RNA
was extracted from WT and p50–/– cells upon 20 μM arsenite treatment for the indicated
time periods. PHLPP1 mRNA level was determined by RT–PCR and quantified using the
ImageQuant 5.2 software (GE Healthcare). Data are representative of one of three
independent experiments. (b) The binding site of miR-190 in 3′-UTR of mouse PHLPP1
was analyzed. The sites shown were relative to the starting site of mouse PHLPP1 3′-UTR.
(c) WT and p50–/– cells were exposed to 20 μM arsenite for 9 h. Total RNA was extracted
using an miRNeasy Mini kit (Qiagen) according to the manufacturer's instruction. After
reverse transcription using the miScript PCR system (Qiagen), real-time PCR was conducted
using an miR-190-specific primer. β-Actin was used as a control. *Significant inhibition of
miR-190 expression in p50–/– cell in comparison with that in WT cells following arsenite
treatment (P<0.05). The value was shown as mean±s.d. from three independent experiments.
(d) For testing the role of miR-190 on PHLPP1 translation, PHLPP1 3′-UTR luciferase
reporter or PHLPP1 3′-UTR short luciferase reporter was transiently transfected into WT or
p50–/– cells, respectively. Luciferase activity was detected, as described in ‘Materials and
methods’, following treatment of cells with arsenite for 12 h. The symbol (♥) indicates a
significant increase of arsenite-induced PHLPP1 3′-UTR luciferase activity in p50–/– cells
compared with that in WT cells (P<0.05). The value was showed as mean±s.d. from three
independent experiments.
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Figure 7.
Introduction of shRNA PHLPP1 and miR-190 into p50–/– cells restored its apoptotic
response following arsenite exposure. (a, d and g) WT and p50–/–, p50–/– (non-silencing)
and p50–/– (shRNA PHLPP1), p50–/– (vector) and p50–/– (miR-190) cells were exposed to
20 μM arsenite for 24 h. The photos were taken under the microscope. (b, e and h) Cells were
exposed to 20 μM arsenite for 24 h, and then collected for flow cytometry analysis.
*Significant alterations in apoptosis in comparison with the corresponding control
transfectants (P<0.05). The value was shown as mean±s.d. from three independent
experiments. (c, f and i) Cell extracts with the same treatment as above were subjected to
western blot assay for the detection of caspase 3, poly (ADP-ribose) polymerase (PARP)
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and their cleaved fragments. (j) The potential schematic of p50 regulation of p53 protein
translation and apoptosis following arsenite exposure.
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