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Synthesis of the p53 tumor suppressor and its subsequent activation following DNA damage are critical for its protection against
tumorigenesis. We previously discovered an internal ribosome entry site (IRES) at the 5= untranslated region of the p53 mRNA.
However, the connection between IRES-mediated p53 translation and p53’s tumor suppressive function is unknown. In this
study, we identified two p53 IRES trans-acting factors, translational control protein 80 (TCP80), and RNA helicase A (RHA),
which positively regulate p53 IRES activity. Overexpression of TCP80 and RHA also leads to increased expression and synthesis
of p53. Furthermore, we discovered two breast cancer cell lines that retain wild-type p53 but exhibit defective p53 induction and
synthesis following DNA damage. The levels of TCP80 and RHA are extremely low in both cell lines, and expression of both pro-
teins is required to significantly increase the p53 IRES activity in these cells. Moreover, we found cancer cells transfected with a
shRNA against TCP80 not only exhibit decreased expression of TCP80 and RHA but also display defective p53 induction and
diminished ability to induce senescence following DNA damage. Therefore, our findings reveal a novel mechanism of p53 inacti-
vation that links deregulation of IRES-mediated p53 translation with tumorigenesis.

One of the most important tumor suppressors identified thus
far is p53. Under normal conditions, p53 is inactive, and its

cellular levels are low. In response to various genotoxic or cyto-
toxic stress, including DNA damage, p53 becomes activated (1).
The activated p53 causes cell growth arrest or apoptosis, allowing
damaged cells to self-repair or be eliminated. In this manner, p53
protects against malignant transformation of normal cells (2, 3).
Activation of p53 involves both accumulation and posttransla-
tional modification. It is thought that the control of p53 induction
or accumulation occurs mainly at the translational and posttrans-
lational levels (1). Although levels of p53 are known to be regu-
lated by the ubiquitin ligase mouse double minute 2 (MDM2),
now there is clear evidence showing that enhanced p53 translation
is essential for its induction following DNA damage (4). More
specifically, the 5=untranslated region (5=UTR) of p53 mRNA was
found to be a major site for regulation of p53 translation (5, 6).
The mechanism underlying translational regulation of p53 induc-
tion via its 5= UTR has started to emerge.

Cap-dependent initiation of protein translation is used by the
majority of mRNAs, since almost all eukaryotic mRNAs have an
N7-methylguanosine cap structure at their 5= ends. Eukaryotic
translation initiation factor 4E (eIF-4E), a translation initiation
protein that binds to the cap structure, initiates the process (7). In
situations where cap-dependent translation is impaired, including
apoptosis or DNA damage, cap-independent protein translation,
mediated by an internal ribosomal entry site (IRES) that does not
require the participation of eIF-4E, is needed in eukaryotes for the
synthesis of key regulatory proteins (8, 9).

We found that exposure to etoposide, a DNA damaging agent
that causes DNA double-strand breaks and suppresses cap-depen-
dent translation, results in an increase in the association of p53
mRNA with polyribosomes (10). Using a bicistronic reporter vec-
tor, we discovered an IRES sequence in the 5= UTR of the p53
mRNA (4, 10). We also found that the IRES activity increases in

response to DNA damage in MCF-7 cells (4, 10). MCF-7 is a breast
cancer cell line that expresses wild-type p53 protein and exhibits
increased p53 synthesis in response to DNA damage (10). There-
fore, these results suggest that IRES-mediated p53 translation or
synthesis is important for the accumulation of p53 protein follow-
ing DNA damage.

The presence of an IRES sequence in an isoform of p53, p47
(also known as p53/p47, �40p53, and �Np53), and a p53 homo-
logue, p73, has also been discovered (11–13). It was recently found
that mouse p53 mRNA also contains an IRES sequence (14),
which is consistent with a previous finding that mouse p53 syn-
thesis is upregulated by DNA damage (5). The increase in p53
IRES activity following different cellular stress has been observed
by a number of recent reports (15–20). For instance, it was found
that during DNA damage or oncogene-induced senescence (OIS),
the p53 IRES exhibits enhanced activity to facilitate p53 transla-
tion (17), which provides further evidence that the p53 IRES plays
a key role in regulation of p53 synthesis following geno- or cyto-
toxic stress. However, little is still known regarding how the p53
IRES regulates p53 synthesis in response to DNA damage and
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other cellular stress and whether there is a functional link between
defective IRES-mediated p53 translation and tumorigenesis.

Control of translational initiation at cellular IRESs requires the
presence of auxiliary factors that are known as IRES trans-acting
factors (ITAFs) (21, 22). ITAFs are proteins that can positively or
negatively affect IRES activity (8). A number of proteins have been
identified as binding to the p53 5=UTR in vitro (6). Many of them
are also known to be involved in protein translation and ribo-
somal biogenesis. Therefore, some of these proteins could be p53
ITAFs that regulate p53 IRES activity and p53 synthesis.

While p53 mutations are common (mutation rate � 50%) in
cancer, certain types of cancer display a much lower rate of p53
mutation. For instance, only ca. 20% of breast cancers harbor p53
mutations (23). It is unclear why 80% of breast tumors develop
into cancer despite containing the wild-type p53 coding region.
We made the initial hypothesis that inefficient or defective p53
translation in response to DNA damage could result in tumori-
genic transformation (4). It is conceivable that in many tumors
retaining wild-type p53, p53 may lose the ability to respond to
DNA damage due to defective IRES-mediated p53 synthesis.

In the present study, we identified two ITAFs of p53 that pos-
itively regulate p53 IRES activity and p53 synthesis. Moreover, we
discovered two breast cancer cell lines that express wild-type p53
but do not exhibit normal p53 induction and p53 IRES activation
following DNA damage. The expression of both ITAFs in these
breast cancer cell lines and in MCF-7 cells was further analyzed to
determine the potential role of these ITAFs in p53 induction and
malignant transformation. Our results suggest a link between re-
duced expression of positive p53 ITAFs and the defective response
of p53 to DNA damage in cancer cells.

MATERIALS AND METHODS
Materials. Etoposide and cycloheximide were from Calbiochem. The an-
tibodies include anti-DRBP76 (TCP80) antibody (BD Transduction Lab-
oratories), the anti-DHX9 (RHA) antibody (Bethyl Laboratories), the an-
ti-p53 primary antibody (Calbiochem), and the horseradish peroxidase
(HRP)-conjugated p53 antibody (Santa Cruz Biotechnology). MCF-7/
pCDNA3.1 and MCF-7/shTCP80 cells were obtained by stably transfect-
ing MCF-7 cells with either a pCDNA3.1 plasmid or a pCDNA3.1 plasmid
containing a shRNA against TCP80.

Cell culture and transfection. Cells were grown in Dulbecco modified
Eagle medium or RPMI medium supplemented with antibiotics and 10%
fetal bovine serum. All plasmid transfections were performed using Fu-
gene 6 transfection reagent (Roche). Cells were allowed to grow to sub-
confluence and were then transfected with 1.5 �g of plasmid and lysed 24
or 48 h after transfection.

RNA pulldown assay. The p53 IRES sequence was amplified from the
pR5UTRF vector by PCR. The amplified fragment was then transcribed in
vitro using an AmpliScribe T7 Flash transcription kit (Epicenter Biotech-
nologies) in the presence of biotin-14-CTP according to the manufactur-
er’s instructions. Next, 1 �g of biotinylated RNA was used to coat strepta-
vidin M-280 DynaBeads (Invitrogen). MCF-7 cells were lysed in a
cytoplasmic extraction buffer containing 10 mM HEPES, 3 mM MgCl2, 40
mM KCl, 5% glycerol, 0.2% NP-40, 1 mM dithiothreitol, and protease
inhibitors. The cell lysate was incubated with the RNA-coated beads. The
beads were then washed extensively with cytoplasmic extraction buffer
before the addition of sodium dodecyl sulfate (SDS) sample loading
buffer.

Dual-luciferase assays. Cells were lysed with 1� passive lysis buffer.
The Dual-Luciferase reporter assay system (Promega) was then used in
conjunction with a Berthold luminometer to determine firefly and Renilla
luciferase activities according to the manufacturer’s instructions.

Cell extract preparation, SDS-PAGE, and Western blotting. Cells
were washed twice with phosphate-buffered saline (PBS) and lysed with
TGN lysis buffer (10) containing 1% NP-40 and a protease inhibitor cock-
tail tablet (Roche). Protein concentration was measured using the Lowry
assay method. Equal amounts of protein were loaded onto an SDS-PAGE
gel and later transferred onto nitrocellulose or polyvinylidene difluoride
(PVDF) membranes for immunoblotting. Densitometry analysis for pro-
teins bands was done using an UN-SCAN-IT gel analysis software.

[35S]Met labeling of newly synthesized p53 protein. Cells were incu-
bated with cysteine and methionine-free medium supplemented with di-
alyzed fetal bovine serum for 2 h. After incubation, 90 �Ci of [35S]me-
thionine ([35S]Met) was added to the medium. The cells were then lysed,
and p53 protein was immunoprecipitated by an anti-p53 antibody. The
beads were washed three to four times, and SDS loading buffer was added
to the beads, followed by SDS-PAGE and Western blotting. Newly syn-
thesized p53 protein was detected using a Typhoon phosphorimager.

Determination of p53 half-life. Relative p53 density is determined as
the ratio of p53 to �-actin levels following densitometric analysis. The
relative p53 density was then normalized so that the highest value corre-
sponds to 100. The log10 of normalized p53 density was then plotted
against time of CHX treatment, and the best-fit linear trend line was
generated. The equation of the trend line (y � ax � b) was used to deter-
mine the half-life of the protein, where y � log1050 and x is the p53
half-life.

Reverse transcription-PCR (RT-PCR) analysis. Cells were grown to
subconfluence. Total cellular RNA was purified from cell lysates by an
Aurum total RNA minikit (Bio-Rad) according to the manufacturer’s
instructions and treated with RNase-Free DNase (Qiagen). RNA was then
reverse transcribed using the iScript RT Supermix kit (Bio-Rad). PCR was
then carried out for detecting p53 and �-actin or GAPDH mRNA using
the GoTaq green master mix from Promega. The forward and reverse
primers of the p53 sequence were 5=-TGG AAA CTA CTT CCT GAA AAC
AAC G-3= and 5=-GGG AGT ACG TGC AAG TCA CAG A-3=, respec-
tively. Reactions were done using a MasterCycler gradient (Eppendorf)
PCR machine, and products were run on a 1% agarose gel stained with
ethidium bromide.

SA-�-galactosidase staining for cellular senescence. Cells were
stained using an SA-�-galactosidase staining kit (Cell Signaling). Briefly,
cells were washed with PBS and fixed for 15 min with the fixative solution.
Cells were then stained overnight in a dry 37°C incubator using the stain-
ing solution containing X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galac-
topyranoside). Pictures were taken using a Leica DM IRB microscope
at �40 magnification.

Flow cytometry assay. Cells were seeded onto six well plates and
grown to subconfluence. After treatment with 10 �M etoposide for 24 h,
the cells were gently removed from the plates, washed once with cold PBS,
and fixed with cold 70% ethanol. The cells were then stained with
propidium iodide and subjected to flow cytometry (Becton Dickinson
FACSCalibur). The cell population at each phase was analyzed by us-
ing Modfit 2 software.

Data analysis. One-way analysis of variance with the Newman-Keuls
post test was used to compare means of multiple groups (see Fig. 6B and
C). Comparisons between two individual groups were evaluated by using
a Student t test and Microsoft Office Excel software. P values of �0.05
were considered statistically significant.

RESULTS

Translational control protein 80 (TCP80), also known as nuclear
factor 90 (NF90) or double-stranded RNA binding protein 76
(DRBP76), is one of the proteins that was found to bind to the p53
5= UTR in vitro (6). It is a double-stranded-RNA binding protein
(24) that has documented roles in the regulation of protein trans-
lation (25). TCP80 is also involved in IRES-mediated protein
translation by acting as an ITAF of the rhinovirus type 2 IRES (26).
In addition, RNA helicase A (RHA) or nuclear DNA helicase II
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(NDH II), was also identified to bind to the p53 5= UTR in vitro
(6). Interestingly, RHA is known to associate with TCP80 in vitro
(27) and has a known role in the regulation of protein translation
as well (28). Since these findings suggest that both TCP80 and
RHA may modulate the p53 IRES activity by binding to p53 IRES,
we tested whether these two proteins can act as p53 ITAFs.

TCP80 and RHA bind to the p53 IRES sequence in vitro. A
previous study determined that the major transcriptional start site
of human p53 is 145 nucleotides upstream of the start codon (29).
This indicates that the majority of human p53 mRNAs have a
145-nucleotide 5=-UTR sequence. This fragment has been dem-
onstrated to contain the IRES sequence of the p53 5= UTR using
dual-luciferase reporter assays (10, 11), and the IRES sequence has
been further confirmed by DNA regional deletions and structural
analysis (10, 30). Since the sequence (145 nucleotides) harboring
the p53 IRES is shorter than the p53 5=-UTR sequence (192 nu-
cleotides) used in Takagi et al.’s assay to pull down TCP80 and
RHA (6), we first tested whether or not TCP80 and RHA can bind
specifically to the p53 IRES in vitro (10).

We used an RNA pulldown assay to test the ability of TCP80
and RHA to bind to the p53 IRES sequence in MCF-7 cells. Dyna-
beads coated with biotinylated p53 IRES RNA were incubated
with cytoplasmic extracts of MCF-7 to allow for proteins to bind
to the RNA. Our results showed that both TCP80 and RHA were
bound to the Dynabeads containing p53 IRES RNA (Fig. 1A).
However, beads not coated with biotinylated RNA of the p53 IRES
(Fig. 1A) or coated with biotinylated RNA of a firefly luciferase
coding region (data not shown) were incapable of binding to ei-
ther protein. These results indicate that both TCP80 and RHA can
specifically bind to the p53 IRES sequence.

TCP80 and RHA upregulate p53 IRES activity in MCF-7 cells.
We then tested whether TCP80 can modulate p53 IRES activity in
vivo in cultured MCF-7 cells. The bicistronic dual-luciferase re-
porter vector pR5UTRF, which contains the p53 IRES sequence,
was used to determine p53 IRES activity (10). MCF-7 cells were
cotransfected with pR5UTRF and a plasmid expressing TCP80.
p53 IRES activity was measured as the ratio of firefly (controlled
by the p53 IRES) to Renilla (controlled by cap-dependent transla-
tion machinery, used as an internal control) luciferase activity
(10). The pREMCVF vector, which contains the IRES sequence of
the EMCV virus, and the empty vector (pRF) were used as con-
trols for the pR5UTRF vector. A 2-fold increase in p53 IRES ac-
tivity was observed in MCF-7 cells overexpressing TCP80 com-
pared to the control cells (Fig. 1B). In contrast, no change was seen
in the EMCV IRES activity of MCF-7 cells overexpressing TCP80
(Fig. 1B). This result suggests that TCP80 is a specific positive
regulator of p53 IRES activity. Furthermore, we found that over-
expression of RHA in MCF-7 cells led to a 1.8-fold increase in p53
IRES activity, whereas it did not affect EMCV IRES activity (Fig.
1C), suggesting that RHA is also a specific positive regulator of the
p53 IRES activity. Positive regulation of the p53 IRES activity by
RHA has been further demonstrated in MCF-7 cells transfected
with a small interfering RNA (siRNA) against RHA. Our results
show that these cells not only display reduced expression of RHA
but also exhibit a nearly 60% decrease in p53 IRES activity com-
pared to those transfected with a control siRNA (data not shown).

To further confirm the role of TCP80 and RHA in regulation of
the p53 IRES activity, we also cotransfected plasmids encoding
TCP80 or RHA, along with the pRDNF vector into MCF-7 cells.
The pRDNF vector was generated by deleting the first 70 nucleo-

tides of the p53 IRES sequence from the pR5UTRF vector that
contains the IRES sequence (	140 nucleotides) of the p53 mRNA.
This regional deletion results in over 98% decrease of the p53 IRES
activity (10). Similar to the results in MCF-7 cells cotransfected
with plasmids encoding TCP80 or RHA plus the empty vector pRF
(Fig. 1B and C), we observed that TCP80 or RHA has no signifi-
cant effect on Fluc/Rluc activity of the pRDNF vector (data not
shown). These results have further confirmed the specificity of
both TCP80 and RHA in positively regulating the p53 IRES
activity.

Overexpression of TCP80 and RHA leads to increased ex-
pression and synthesis of p53. Next, we examined the effect of
overexpression of TCP80 and RHA on p53 expression in H1299
(p53-null) lung carcinoma cells. Transfection of the pC53-SN3
vector, which contains the p53 IRES sequence (	140 bp) and p53
open reading frame, in H1299 cells resulted in expression of the
p53 protein (Fig. 2A). When H1299 cells were cotransfected with
the pC53-SN3 vector and a plasmid encoding either TCP80 or
RHA, a substantial increase in p53 levels was observed compared
to cells cotransfected with pC53-SN3 and the empty vector
pCDNA3.1 (Fig. 2A). It is worth noting that the levels of increase
in p53 expression in cells transfected with either TCP80 or RHA
plasmid were similar to that observed in cells transfected with only
pC53-SN3 and treated with etoposide (data not shown). To con-
firm the role of RHA in the regulation of p53 expression, H1299
cells were transfected with the pC53-SN3 vector along with
either siRNA against RHA or control siRNA. We observed a
dramatic decrease in p53 expression in H1299 cells transfected
with RHA siRNA compared to those transfected with control
siRNA (Fig. 2B).

Next, we metabolically labeled H1299 cells that were trans-
fected with pCDNA3.1, pC53-SN3, pC53-SN3 plus the TCP80
expression vector, or pC53-SN3 plus the RHA expression vector.
As expected, cells transfected with pcDNA 3.1 did not contain
newly synthesized p53 protein. In cells transfected with pC53-
SN3, we detected a small amount of newly synthesized p53 follow-
ing metabolic labeling. However, when H1299 cells were cotrans-
fected with pC53-SN3 along with either TCP80 or RHA, a
substantial increase in the amount of newly synthesized p53 pro-
tein was observed (Fig. 2C). These results further demonstrate
that overexpression of TCP80 and RHA in H1299 cells leads to
increased synthesis of de novo p53 protein.

Identification of breast cancer cell lines expressing wild-type
p53 but not exhibiting p53 induction following DNA damage.
Although the MCF-7 cell line still maintains its ability to induce
p53 following DNA damage, we suspect that many breast cancer
cells with wild-type p53 may lose their ability to induce p53 due to
defective p53 synthesis (4). To determine whether or not some
breast cancer cell lines known to harbor wild-type p53 have defec-
tive p53 responses to DNA damage, we tested several such cell
lines that have been shown to harbor the wild-type p53 coding
region (31, 32), using MCF-7 as their positive control. Interest-
ingly, two of these breast cancer cell lines, ZR75-1 and MDA-MB-
175, were identified as having an abrogated p53 induction follow-
ing treatment with etoposide (Fig. 3A) or short-wavelength UV
(Fig. 3B). We also metabolically labeled newly synthesized p53 in
these cell lines with [35S]Met after etoposide treatment. A dra-
matic increase in the levels of de novo-synthesized p53 protein was
observed in MCF-7 cells treated with etoposide (Fig. 3C). How-
ever, in ZR75-1 cells, there was no significant change in the
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amount of newly synthesized p53 following etoposide treatment.
Similarly, newly synthesized p53 protein was undetectable in
MDA-MB-175 cells even after treatment with etoposide (Fig. 3C).
In addition, we measured p53 mRNA levels in these cell lines, and
the results show that there are no significant changes in the levels
of p53 mRNA in cells treated with or without etoposide (Fig. 3D),

which further suggests that the lack of p53 induction in ZR75-1
and MDA-MB-175 cells is caused by defective p53 synthesis.

Lack of p53 induction in ZR75-1 and MDA-MB-175 cells is
not caused by increased p53 degradation or decreased p53 half-
life. DNA damage is also known to lead to an increase in p53
half-life through regulation of the MDM2 activity (33), which

FIG 1 TCP80 and RHA positively regulate the p53 IRES activity. (A) TCP80 and RHA bind to the p53 IRES sequence in vitro. Lanes 1 to 3 show levels of TCP80
and RHA protein in MCF-7 cytoplasmic extracts (in triplicate). Lanes 4 to 6 show the amount of TCP80 and RHA protein pulled down from MCF-7 cytoplasmic
extracts by streptavidin-beads coated with biotinylated p53 IRES RNA (in triplicate) as described in Materials and Methods. TCP80 and RHA were detected by
Western blotting with their respective antibodies. The last lane represents a sample pulled down with streptavidin-beads that were not coated with biotinylated
p53 IRES RNA. Beads coated with biotinylated RNA of a firefly luciferase coding region were tested separately and were incapable of binding to either protein
(data not shown). (B) Effect of TCP80 overexpression on p53 and EMCV IRES activity. MCF-7 cells were cotransfected with pRF, pR5UTRF, or pREMCVF, along
with either pCDNA3.1 or pCDNA3.1/HisB/TCP80. At 24 h after the transfection, the cells were lysed and a dual-luciferase assay was performed to detect firefly
(Fluc) and Renilla (Rluc) luciferase activities as described in Materials and Methods. (C) RHA positively affects the p53 IRES activity. MCF-7 cells were
transfected with pRF, pR5UTRF, or pREMCVF, along with either pCDNA3.1 or pCDNA3.1/RHA. At 24 h after transfection, cells were lysed and a dual-luciferase
assay was performed as described above. The results presented in panels B and C are averages 
 the standard errors of the mean (SEM) from three individual
experiments (*, P � 0.05).

Deregulation of IRES-Driven p53 Translation in Cancer

December 2015 Volume 35 Number 23 mcb.asm.org 4009Molecular and Cellular Biology

http://mcb.asm.org


dissociates from p53 following DNA damage to prevent the deg-
radation of p53. Therefore, we next tested whether the lack of p53
response following DNA damage is caused by a decrease in p53
half-life in ZR75-1 and MDA-MB-175 cell lines. Treatment of
MCF-7 cells with cycloheximide, an inhibitor of protein elonga-
tion, led to a gradual decrease in p53 levels over the course of 3 h
(Fig. 4A). However, a similar treatment did not affect p53 levels in
ZR75-1 cells, suggesting a stabilization of the p53 protein in these
cells (Fig. 4B). Moreover, p53 half-life was similar in MCF-7 and

MDA-MB-175 cells (Fig. 4C). These results indicate that the lack
of p53 induction in these two cell lines is not caused by increased
p53 degradation or decreased p53 half-life compared to MCF-7
cells.

ZR75-1 and MDA-MB-175 cells display an abrogated p53
IRES response to DNA damage. Next, we measured the p53 IRES

FIG 2 Overexpression of TCP80 and RHA leads to increased p53 expression
and synthesis. (A) Overexpression of TCP80 and RHA leads to increased p53
expression in H1299 cells transfected with the pC53-SN3 vector. H1299 lung
carcinoma cells (p53-null) were cotransfected with the p53 expression vector
pC53-SN3 along with the empty pCDNA 3.1 vector, the TCP80 expression
vector, or the RHA expression vector. At 24 h after transfection, the cells were
lysed, and equal amounts of protein were subjected to SDS-PAGE and trans-
ferred to a nitrocellulose membrane. The p53 protein and �-actin were then
detected by their respective antibodies. (B) Effect of RHA knockdown on p53
expression in H1299 cells transfected with the pC53-SN3 vector. H1299 cells
were cotransfected with pC53-SN3, along with RHA siRNA or control siRNA.
At 72 h after transfection, the cells were lysed, and equal amounts of protein
were subjected to SDS-PAGE and later transferred to a nitrocellulose mem-
brane. The p53 protein was detected by immunoblotting with an HRP-conju-
gated p53 antibody. RHA and �-actin were detected with their respective an-
tibodies as well. (C) Effect of TCP80 and RHA on p53 synthesis in H1299 cells
transfected with the pC53-SN3 vector. H1299 cells were transfected with
pCDNA 3.1, pC53-SN3, pC53-SN3 plus the TCP80 expression vector, or the
RHA expression vector. After transfection, the cells were incubated for 2 h in
Cys- and Met-free medium and then metabolically labeled for 1 h with 90 �Ci
of [35S]Met. Cell lysates were immunoprecipitated with an antibody against
p53 as described in Materials and Methods. Newly synthesized 35S-p53 was
detected using a Typhoon phosphorimager. The results presented in panels A
to C are representative of three individual experiments.

FIG 3 Effect of DNA damage on p53 induction and synthesis in breast cancer
cell lines harboring wild-type p53. (A) Effect of etoposide treatment on p53
induction in MCF-7, ZR75-1, and MDA-MB-175 cells. Cells were grown to
confluence. Each cell line was then treated with or without 10 �M etoposide
for 2 h and lysed with TGN lysis buffer. The p53 protein was then detected by
immunoblotting with an HRP-conjugated p53 antibody. The levels of �-actin
were also detected by immunoblotting. (B) Effect of UVC irradiation on p53
levels in MCF-7, ZR75-1, and MDA-MB-175 cells. Cells were grown on
60-mm plates. The medium was aspirated, and the cells were washed twice
with PBS. The cells were then exposed to 25 J/m2 of short UV light (UVC)
irradiation using a UV cross-linker. The cells were then supplemented with
medium containing 10% fetal bovine serum and incubated at 37°C for 1 h.
After incubation, the cells were lysed. p53 and �-actin levels were detected as
described above. (C) Etoposide induces de novo p53 synthesis in MCF-7 cells
but not in ZR75-1 and MDA-MB-175 cells. Cells were grown to confluence
and then incubated for 2 h in Met- and Cys-free medium. Next, cells were
treated with 10 �M etoposide for 30 min. After treatment, 90 �Ci of S35-Met
was added to the cells for 30 min. The cells were then lysed, and the p53 protein
was immunoprecipitated from the cell lysates as described in Materials and
Methods. The samples were subjected to SDS-PAGE and transferred onto a
nitrocellulose membrane. The newly synthesized 35S-p53 protein was detected
using a Typhoon phosphorimager. (D) Effect of etoposide treatment on p53
mRNA levels in MCF-7, ZR75-1, and MDA-MB-175 cells. Subconfluent cells
were either left untreated or were treated with 10 �M etoposide for 2 h. Total
RNA was then extracted, and an RT-PCR was performed as described in Ma-
terials and Methods to detect p53 mRNA levels. The midpoint for linearity of
the exponential phase of amplification of the p53 mRNA was determined to be
25 cycles (denaturation at 95°C for 60 s, annealing at 55°C for 30 s, and elon-
gation at 72°C for 60 s). The results presented in panels A to D are represen-
tative of three individual experiments.
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activity following etoposide-induced DNA damage in ZR75-1 and
MDA-MB-175 cells. Both cell lines were transfected with pRF or
pR5UTRF vectors and subsequently treated with etoposide. We
observed a slight decrease in p53 IRES activity in ZR75-1 cells
treated with etoposide compared to control cells (Fig. 5A). In
MDA-MB-175 cells, etoposide treatment did not affect p53 IRES
activity (Fig. 5B). These results are in contrast to those obtained in
MCF-7 cells which show that p53 IRES activity increases in re-
sponse to DNA damage (10), suggesting that the lack of p53 in-
duction and synthesis in ZR75-1 and MDA-MB-175 cells is the
result of the inability of p53 IRES to respond to DNA damage.

TCP80 and RHA levels are extremely low in ZR75-1 and
MDA-MB-175 cells and overexpression of both proteins is
needed to stimulate p53 IRES activity in these cell lines. TCP80
and RHA are known to associate with each other in vitro (27). In
addition, the expression levels of TCP80 and RHA are also corre-
lated in various cell lines (34). Therefore, we tested whether the
defective p53 IRES response to DNA damage is linked to altered
expression of TCP80 and RHA in ZR75-1 and MDA-MB-175
cells. Interestingly, immunoblotting results indicate that levels of
TCP80 and RHA are greatly reduced in both cell lines compared to
MCF-7 cells (Fig. 6A).

FIG 4 Comparison of the p53 degradation rates in MCF-7, ZR75-1, and MDA-MB-175 cells. Confluent MCF-7 (A), ZR75-1(B), and MDA-MB-175 (C) cells
were either left untreated or treated with 50 �g of cycloheximide/ml for 30 min, 1 h, 2 h, or 3 h. The cells were collected and lysed at each time point. Cell lysates
were then subjected to SDS-PAGE and transferred onto a PVDF membrane. Immunoblotting to detect p53 was performed using a primary antibody against p53
and an HRP-conjugated secondary antibody for enhanced p53 signal. The levels of �-actin were also detected by Western blotting. The results shown (left panels)
are representative of three experiments. Calculation of the p53 degradation rates from three individual experiments performed in different cell lines (right panels)
was as described in Materials and Methods. The results indicate that the p53 half-lives were 56, 1,003, and 74 min for MCF-7, ZR75-1, and MDA-MB-175 cells,
respectively.
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In ZR75-1 cells, overexpression of TCP80 alone only led to a
slight increase in p53 IRES activity, while overexpression of RHA
did not affect p53 IRES activity. However, overexpression of both
proteins led to a significant increase (1.7-fold) in p53 IRES activity
(Fig. 6B). Similar results were obtained with MDA-MB-175 cells
in which overexpression of either TCP80 or RHA alone did not
result in any increase of p53 IRES activity, whereas the overexpres-
sion of both proteins together led to a significant increase (2.8-
fold) in p53 IRES activity (Fig. 6C). These results suggest a coop-
erative or synergistic effect between these two proteins that causes
enhanced p53 IRES activity.

Decreased expression of TCP80 and RHA in MCF-7 cells
leads to reduced p53 IRES activity and decreased induction
of p53 following DNA damage. To further determine the role of
positive p53 ITAFs, such as TCP80 and RHA, in the regulation of
p53 IRES activity and p53 induction, TCP80 expression in MCF-7
cells was knocked down using a plasmid harboring an shRNA
against TCP80 (Fig. 7A). Since the expression levels of TCP80 and
RHA are known to be correlated (34), we tested whether a de-
crease in TCP80 expression would also result in reduced levels of
RHA. Our results showed that this is indeed the case, as the MCF-
7/shTCP80 cell line has decreased expression of both TCP80 and
RHA (Fig. 7A). Moreover, in these cells (MCF-7/shTCP80), we
observed a marked decrease in p53 IRES activity compared to the
controls cells (MCF-7/pCDNA3.1) stably transfected with an

empty plasmid (Fig. 7B). Subsequently, we found that the p53
expression is also reduced in MCF-7/shTCP80 cells. More impor-
tantly, our results indicate that following treatment with etopo-
side, p53 induction is dramatically decreased in MCF-7/shTCP80
cells compared to MCF-7/pCDNA3.1 cells (Fig. 7C). Furthermore,
p53 mRNA levels were measured in both cell lines. The results show
that there are no significant changes in the levels of p53 mRNA be-
tween these two cell lines (Fig. 7D), suggesting that the decreased
expression and induction of p53 in MCF-7/shTCP80 cells are not
caused by reduced transcription of p53 mRNA. The combined effect
of TCP80 and RHA on p53 expression has been further confirmed by
our experiments showing that in H1299 cells cotransfected with
pC53-SN3 along with plasmids encoding TCP80, RHA, or both, the
overexpression of both TCP80 and RHA leads to a markedly higher
expression of p53 in H1299 cells than those transfected with only
TCP80 or RHA (data not shown).

MCF-7/shTCP80 cells exhibit defective induction of p21Cip1

and diminished ability to induce senescence following DNA
damage. As a key regulator of the cellular senescence process, p53
can initiate cellular senescence in response to DNA damage by
upregulating its downstream target p21Cip1 (35). After treatment
with etoposide, we found that MCF-7/shTCP80 cells exhibit much
lower levels of p21Cip1 induction than those in MCF-7/pCDNA3.1
cells (Fig. 8A). Consistent with decreased p21Cip1 induction,
MCF-7/shTCP80 cells exhibit diminished induction of cellular

FIG 5 Effect of etoposide treatment on p53 IRES activity in ZR75-1 and MDA-MB-175 cells. ZR75-1 (A) and MDA-MB-175 (B) cells were transfected with either
pRF or pR5UTRF as described in Materials and Methods. At 48 h after transfection, the cells were treated with 10 �M etoposide for 2 h or were left untreated. The
cells were then lysed with passive lysis buffer, and a dual-luciferase assay was performed as described in Materials and Methods. The results presented in panels
A and B are averages 
 the SEM from three individual experiments.
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senescence following etoposide treatment compared to MCF-7/
pCDNA3.1 cells (Fig. 8B and C). Since G1 cell cycle arrest usually
precedes DNA damage-induced senescence (36), we performed a
cell cycle distribution analysis after treating MCF-7/shTCP80 and
MCF-7/pCDNA3.1 cells with etoposide. Although both cell lines
display no significant differences in cell cycle distribution under
normal growth conditions (data not shown), incubation of MCF-
7/pCDNA3.1 cells with etoposide results in a substantial increase
in cell numbers at the G1 phase and a dramatic decrease at the S
phase (Fig. 8D). Compared to MCF-7/shTCP80 cells, a nearly
2-fold increase in the G1/S ratio, an indicator of G1 cell cycle arrest
(37), was observed in MCF-7/pCDNA3.1 cells treated with etopo-
side (Fig. 8E).

DISCUSSION

In this study, we identified two novel ITAFs of p53, TCP80 and
RHA, which positively regulate p53 IRES activity and p53 synthe-
sis. We have also identified two breast cancer cell lines, MDA-MB-

175 and ZR-75-1, that express wild-type p53 protein but exhibit
diminished p53 induction and synthesis following DNA damage.
Our results have further shown that the defective p53 induction
and synthesis is likely caused by reduced expression of TCP80 and
RHA in these cancer cells. Moreover, we found that MCF-7 breast
cancer cells with decreased expression of TCP80 and RHA show
defective induction of p53 and diminished ability to induce senes-
cence following DNA damage. Our findings thus not only have
provided a better understanding of the mechanism that regulates
IRES-mediated p53 translation in response to genotoxic stress but
also have revealed a novel mechanism by which defective IRES-
mediated p53 translation in response to DNA damage leads to
tumorigenesis.

TCP80 contains multiple RNA binding domains (24). It is
known to regulate the translation of the acid beta-glucosidase
mRNA by binding to its coding sequence (25). The involvement of
TCP80 in cellular IRES-mediated protein translation is further
supported by a previous report indicating that TCP80 is an ITAF
of the rhinovirus type 2 IRES (26). RHA plays a crucial role in the
translation of some viral and cellular mRNAs that contain a post-
transcriptional control element (PCE) within their 5=UTR by dis-
rupting the secondary structure of PCE, thus allowing for a more
efficient scanning of the 40S ribosomal subunit and translation
initiation (28). Since the region containing the p53 IRES is known
to have a strong secondary structure (6, 30), TCP80 and RHA
could both exert a positive effect on the p53 IRES by aiding in the
unwinding of its secondary structure.

In addition to the individual effect of TCP80 and RHA on the
p53 IRES activity, the interaction between TCP80 and RHA may
also be important for the stimulation of p53 IRES activity. Con-
sistent with previous results, we found that these two proteins
associate with each other in MCF-7 cells (data not shown). Our
results also indicate that knockdown of TCP80 in MCF-7 cells
results in decreased expression of RHA. These observations cor-
roborate our findings that levels of both TCP80 and RHA are low
in ZR75-1 and MDA-MB-175 cells. Although ZR75-1 and MDA-
MB-175 show diminished p53 induction and defective activation
of p53 IRES after DNA damage, expression of both TCP80 and
RHA are required to significantly increase the p53 IRES activity in
these cells. It is conceivable that TCP80 and RHA could interact to
facilitate each other’s ability to remodel or unwind the secondary
structure of p53 IRES, thereby allowing more efficient translation
of the p53 mRNA. The detailed mechanism regarding how TCP80
and RHA interact to enhance p53 IRES activity requires further
investigation.

We have identified two breast cancer cell lines, ZR75-1 and
MDA-MB-175, that exhibit defective induction of p53 in response
to DNA damage, even though they harbor wild-type p53. These
results imply that tumorigenic transformation of these cells could
be caused by the inability of their p53 IRES to respond to DNA
damage. Our results are the first to show that p53 synthesis in
response to etoposide is abrogated in these two cancer cell lines.
We further discovered that these cells display an abrogated p53
IRES response to DNA damage, suggesting that the IRES-medi-
ated p53 translation is defective in these two cell lines. These find-
ings thus provide strong support for our hypothesis (4) that inef-
ficient or defective IRES-mediated p53 translation in response to
DNA damage is linked to tumorigenesis.

Previous studies have shown that IRES/ITAF interactions
could be important regulators of tumorigenesis. For example, a

FIG 6 Both TCP80 and RHA are required to induce increased p53 IRES
activity in ZR75-1 and MDA-MB-175 cells. (A) Expression levels of TCP80
and RHA in various cell lines. MCF-7, ZR75-1, and MDA-MB-175 cells were
grown to subconfluence. Cells were then lysed and immunoblotting was per-
formed to determine TCP80, RHA, and �-actin levels in each cell line. The
results presented are representative of three separate experiments. (B and C)
Effects of TCP80 and RHA overexpression on p53 IRES activity in ZR75-1 and
MDA-MB-175 cells. ZR75-1 (B) and MDA-MB-175 (C) cells were transfected
with pR5UTRF alone or pR5UTRF, along with the TCP80 expression vector,
the RHA expression vector, or both. At 48 h after transfection, the cells were
lysed, and a dual-luciferase assay was performed as previously described. The
results presented in panels B and C are averages 
 the SEM from three indi-
vidual experiments (*, P � 0.05).
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single C-U transition in the proto-oncogene c-myc IRES sequence
leads to enhanced binding of its positive ITAF hnRNPK and in-
creased c-myc translation, which explains increased c-myc levels
in patients with multiple myelomas (8). Another study found that
increased binding of a positive ITAF to the insulin-like growth
factor 1 receptor (IGF-IR) IRES sequence in breast cancer cells is
postulated to lead to IGF-IR overexpression and stimulate tumor-
igenic transformation (38). Our results indicate that p53 IRES
activity cannot be further enhanced by DNA damage in MDA-

MB-175 or ZR75-1 cells. To determine whether the defect in
p53 induction was caused by mutations in the p53 IRES, we
sequenced the p53 mRNA in these two cell lines. Sequencing
results revealed that these two cell lines harbor wild-type p53 5=
UTR, as well as the wild-type p53 coding sequence (data not
shown). Since mutations were not found within the p53 IRES,
defects in p53 IRES response following DNA damage are most
likely caused by alterations of p53 ITAFs in expression, func-
tion, or localization in these two cancer cell lines.

FIG 7 Knockdown of TCP80 in MCF-7 cells leads to reduced expression of RHA and defective p53 induction following DNA damage. (A) MCF-7/shTCP80 cells
have reduced expression of both TCP80 and RHA. Cells were grown to subconfluence. The cells were then lysed, and equal amounts of protein were subjected
to SDS-PAGE and Western blotting. TCP80, RHA, and �-actin were detected by immunoblotting. (B) Effect of reduced expression of TCP80 and RHA on p53
IRES activity in MCF-7 cells. MCF-7/pCDNA3.1 and MCF-7/shTCP80 cells were plated on six-well plates and grown to subconfluence. The cells were then
transfected with pR5UTRF vector. At 24 h after transfection, the cells were lysed with the passive lysis buffer, and the firefly and Renilla luciferase activities were
measured by performing a dual-luciferase assay. The results presented are averages 
 the SEM from three individual experiments (*, P � 0.05). (C) MCF-7/
shTCP80 cells exhibit diminished ability to induce p53 following DNA damage. MCF-7/pCDNA3.1 and MCF-7/shTCP80 cells were grown to subconfluence. The
cells were then treated with 10 �M etoposide for 2 or 3 h. After the treatment, the cells were lysed, and equal amounts of protein were subjected to SDS-PAGE
and transferred to PVDF membranes. p53 and �-actin proteins were detected with their respective antibodies. (D) Comparison of p53 mRNA levels in
MCF-7/pCDNA3.1 and MCF-7/shTCP80 cells. MCF-7/pCDNA3.1 and MCF-7/shTCP80 cells were grown to subconfluence. Total RNA was then extracted, and
an RT-PCR was performed as described in Materials and Methods to detect p53 mRNA levels. The midpoint for linearity of the exponential phase of amplification
of the p53 mRNA was determined to be 25 cycles (denaturation at 95°C for 60 s, annealing at 55°C for 30 s, and elongation at 72°C for 60 s). The results presented
in panels C and D are representative of three individual experiments.
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FIG 8 MCF-7/shTCP80 cells exhibit diminished ability to induce G1 cell cycle arrest and senescence following DNA damage compared to MCF-7/
pCDNA3.1 cells. (A) p21Cip1 induction following DNA damage is decreased in MCF-7/shTCP80 cells. Subconfluent MCF-7/pCDNA3.1 and MCF-7/
shTCP80 cells were treated with 10 �M etoposide for 4 or 6 h. After treatment, the cells were lysed, and equal amounts of protein were subjected to
SDS-PAGE and Western blotting. p21Cip1 and �-actin proteins were detected with their respective antibodies. The results presented are representative of
three separate experiments. (B and C) MCF-7/shTCP80 cells exhibit diminished ability to induce senescence following etoposide treatment. Subconfluent
MCF-7/pCDNA3.1 and MCF-7/shTCP80 cells were treated with 5 or 10 �M etoposide for 4 days. After treatment, the medium was removed, and the cells
were washed with PBS. The cells were then stained for SA-�-galactosidase using a kit from Cell Signaling as described in Materials and Methods, and
pictures were taken with a microscope (Leica DM IRB) at �40 magnification. The number of SA-�-Gal-positive cells versus total cells per field in three
independent fields of view was counted. The results in panel C represent the means 
 the SEM of three independent measurements (**, P � 0.01). (D and
E) Etoposide causes stronger G1 cell cycle arrest in MCF-7/pCDNA3.1 cells. Subconfluent MCF-7/pCDNA3.1 and MCF-7/shTCP80 cells were treated with
10 �M etoposide for 24 h. After treatment, cells were collected and subjected to flow cytometry analysis after being fixed with ethanol and stained with
propidium iodide. The cell population at each phase was analyzed by the Modfit 2 software. The G1/S ratio presented in panel E represents the average 

the SEM from three individual experiments (*, P � 0.05).
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Indeed, we found that expression of TCP80 and RHA, two
positive ITAFs of p53, is very low in ZR75-1 and MDA-MB-175
cells compared to MCF-7 cells that exhibit normal p53 response to
DNA damage. It was found that RHA maps to chromosome band
1q25, which is the site of a major prostate cancer susceptibility
locus (39). Prostate cancer, similar to breast cancer, also has a low
mutation rate (7 to 18%) of p53 (40). In line with RHA’s role in
stimulating p53 synthesis, RHA also upregulates activity of several
other tumor suppressors, such as Werner syndrome helicase (WRN),
that are involved in the DNA repair process through interaction with
these proteins in the DNA damage foci (41, 42). Therefore, it is pos-
sible that alteration or deletion of this locus results in abrogated RHA
function or expression and prevent induction of the p53 IRES and
other tumor suppressors, thereby increasing the risk of tumorigenic
transformation. Similarly, the expression of TCP80 is known to be
greatly reduced in malignant brain tumors of glial origin, and the
subcellular localization of TCP80 is altered in these malignant tumors
as well (43). These results suggest abnormal expression or subcellular
localization of TCP80 is linked to malignant transformation of cells in
addition to breast tumor cells.

Our results show that knockdown of TCP80 in MCF-7 cells
results in decreased expression of RHA, which is consistent with
previous findings showing that expression levels of TCP80 and
RHA are correlated in various cell lines (34). We found that when
expression of TCP80 and RHA is reduced, MCF-7 cells exhibit a
marked decrease in the induction of p53 and its downstream target
p21Cip1 following DNA damage, which results in its diminished abil-
ity to induce cellular senescence. Furthermore, we found that MCF-
7/shTCP80 cells show decreased induction of the p53 upregulated
modulator of apoptosis (PUMA) (44, 45), a proapoptotic protein
whose expression is stimulated by p53 (data not shown). Since both
cellular senescence and apoptosis are important events for preventing
the development of malignant tumors in vivo (46), these findings
have not only linked reduced expression of positive ITAFs of the p53
IRES with tumorigenesis but also provided an explanation as to why
both ZR75-1 and MDA-MB-175 develop into malignant cancer cells
despite retaining wild-type p53.

To date, very limited studies have been done to investigate the
role of p53 translation in the prevention of tumorigenesis. An
earlier report shows that the lack of p53 synthesis is responsible for
the abrogation of p53 accumulation following DNA damage and
the development of malignant peripheral nerve sheath tumors in
zebrafish (47). A recent study has observed defective IRES-mediated
p53 synthesis in X-linked dyskeratosis congenita, a tumor susceptible
syndrome, in response to DNA damage and OIS (17). Our present
study has further linked reduced expression of positive ITAFs of the
p53 IRES with tumorigenesis in tumor cells still expressing wild-type
p53, thus uncovering a novel mechanism of p53 inactivation that
makes normal cells susceptible to cancer development.

Recently, multiple new ITAFs of the p53 IRES have been iden-
tified and have been shown to affect the translation of p53 and its
isoform p47 under different stressful conditions (15, 18–20).
However, it is not known how altered expression/localization
and/or function of these ITAFs link to defective p53 function and
cancer development. In contrast, our results, for the first time,
provide a mechanistic link between altered expression of positive
p53 ITAFs and defective p53 induction, as well as diminished tu-
mor suppressive function of p53 in cancer cells.

In addition to the discovery of many proteins that regulate p53
translation through binding to the p53 IRES in the 5=UTR, it was

reported that the 3= UTR of p53 mRNA also plays an important
role in regulating p53 translation in response to DNA damage
(48). Recently, an interaction between the 5=UTR (harboring the
p53 IRES sequence) and 3= UTR of the p53 mRNA has been un-
covered (49), and it was shown that proteins bound to the p53 3=
UTR also modulate p53 synthesis following DNA damage (50,
51). Therefore, the novel insights as to how dysfunctional IRES-
driven translation of p53 mRNA leads to tumorigenesis presented
in the present study may open the door for further investigation of
the roles of various regulatory proteins of p53 synthesis in the
pathogenesis of cancer.
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