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Optimal induction of p53 protein after DNA damage requires RPL26-mediated increases in p53 mRNA translation.
We report here the existence of a dsRNA region containing complementary sequences of the 59- and
39-untranslated regions (UTRs) of human p53 mRNA that is critical for its translational regulation by RPL26.
Mutating as few as 3 bases in either of the two complementary UTR sequences abrogates the ability of RPL26 to
bind to p53 mRNA and stimulate p53 translation, while compensatory mutations restore this binding and
regulation. Short, single-strand oligonucleotides that target this 59–39-UTR base-pairing region blunt the binding of
RPL26 to p53 mRNA in cells and reduce p53 induction and p53-mediated cell death after several different types of
DNA damage and cellular stress. The ability to reduce stress induction of p53 with oligonucleotides or other small
molecules has numerous potential therapeutic uses.
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Cellular DNA is constantly damaged by endogenous mol-
ecules, such as reactive oxygen species, and exogenous
sources, including natural or man-made chemicals and
radiation. Effective responses to such damage are critical
to reduce disease burden, including cancer development.
The high incidence of cancer seen in individuals who
inherit mutations in genes involved in DNA damage
responses—such as ATM, p53, BRCA1, and BRCA2—un-
derscores the important role that such responses play in
tumorigenesis (Kastan and Bartek 2004). In addition, since
most current cancer therapeutics target cellular DNA,
cellular responses to DNA damage are also critical de-
terminants of both tumor responses to therapy and the side
effects of cancer treatments. The p53 gene product is
particularly important in this regard, since the gene is
mutated in >50% of sporadic human tumors, and inher-
itance of germline p53 mutations leads to a profound sus-
ceptibility to cancer development (Malkin et al. 1990;
Levine 1997; Olivier et al. 2010). p53 protein transcription-
ally regulates a complex network of genes involved in
tumor suppression, metabolism, autophagy, and various

physiological and pathological processes (Levine and Oren
2009). Levels of p53 protein increase in cells following
exposure to DNA damage and other stresses, leading to
cellular responses such as cell cycle arrest or programmed
cell death (Kastan and Bartek 2004). An ability to modulate
stress induction of p53 in tumor cells or normal cells could
prove to be useful in various clinical settings.

Increases in p53 protein levels after DNA damage have
been largely attributed to increases in the half-life of p53
protein. Proteasome-mediated degradation of p53 protein
regulated by the E3–ubiquitin ligase Mdm2 helps maintain
low levels of p53 protein in nonstressed cells (Haupt et al.
1997; Honda et al. 1997; Kubbutat et al. 1997). Cellular
exposure to DNA damage results in an inhibition of
Mdm2-mediated degradation of p53 protein, contributing
to an increase in p53 protein half-life and increased cellular
levels of p53 protein (Ashcroft and Vousden 1999; Wade
et al. 2010). We reported recently that increased translation
of p53 mRNA is also a requisite step for optimal p53
induction following DNA damage (Takagi et al. 2005). In
particular, we found that RPL26 protein binds to the
59-untranslated region (UTR) of p53 mRNA after DNA dam-
age, enhances the association of p53 mRNA with heavy
polysomes, and increases the translation of p53 mRNA.
Furthermore, the Mdm2–p53 feedback loop, which regu-
lates p53 levels after DNA damage (Levine 1997; Prives
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1998; Michael and Oren 2003), also appears to involve
Mdm2–RPL26 interactions, which affect p53 translation
(Ofir-Rosenfeld et al. 2008). Down-regulation of RPL26
protein levels with siRNA not only reduces the increases
in p53 translation seen after DNA damage, it also reduces
increases in total p53 protein levels and cell death after
DNA damage (Takagi et al. 2005). Thus, blockade of
RPL26-mediated translational induction of p53 is sufficient
to reduce p53 induction and p53-mediated cell death.

We report here that translation of human p53 mRNA
is regulated by base-pairing interactions between 59- and
39-UTR sequences. Mutations that disrupt the interaction
abolish the binding of RPL26 to human p53 mRNA and
diminish RPL26-dependent p53 induction. Compensatory
mutations that restore this UTR interaction rescue the
RPL26 binding as well as translational regulation of p53 by
RPL26. Small, single-strand oligonucleotides containing
critical sequences from this RNA interaction region in-
hibit the binding of RPL26 to p53 mRNA and blunt p53
induction after exposure of cells to a variety of DNA-
damaging agents. These observations demonstrate a novel
mechanism of regulating cellular protein levels and
provide a reagent (oligonucleotides) that can be used to
modulate stress induction of p53 in cells—a potentially
clinically useful intervention. These mechanistic insights
also set the stage for identifying small molecules other than
oligonucleotides that could modulate p53 induction by
targeting this mechanism.

Results

p53 mRNA contains a dsRNA structure
with base-pairing between the 59- and 39-UTRs

RPL26 stimulation of p53 translation requires the 59-UTR,
but not the coding sequence, of p53 mRNA (Takagi et al.
2005; Ofir-Rosenfeld et al. 2008). This 59-UTR translational
dependence was recapitulated by a cell-based, dual-lucifer-
ase reporter assay, in which RPL26 selectively enhanced
the expression level of a chimera firefly luciferase reporter
gene containing a 59-UTR sequence of human p53 mRNA
relative to the expression of the internal control renilla
luciferase gene (Fig. 1A). Unexpectedly, adding the 39-UTR
sequence of human p53 mRNA further enhanced RPL26
stimulation of firefly luciferase expression (Fig. 1A). This
observation raised the question of why RPL26 stimulation
would simultaneously require both UTR sequences, so
mathematical modeling of the p53 mRNA structure was
performed using an RNAfold program (http://www.tbi.
univie.ac.at/RNA) to predict the minimum free energy
secondary structure of human p53 mRNA (Hofacker 2004;
Gruber et al. 2008). This analysis suggested the presence of
a dsRNA structure containing a 21- to 18-base (59–39)
complementary region between the two UTRs including
59-UTR sequences �54 to �34 (numbering from the
start codon) and 39-UTR sequences +335 to +352 (num-
bering after the stop codon) (Fig. 1B; Supplemental Fig.
S9). Similar 59–39-UTR interaction structures were also
predicted in p53 mRNAs from several species—including
other primates, rodents, Xenopus, and zebrafish—by
using the RNAfold program (Supplemental Fig. S1).

To determine if such a 59–39-UTR dsRNA structure
existed in p53 mRNA, human p53 mRNA was probed
with single-strand-specific (RNases A and T1) and double-
strand-specific (RNase V1) RNase enzymes. RNase A
specifically recognizes ssRNA and cuts at the 39 side of
C/U bases, while RNase T1 cuts at the 39 side of G bases in
ssRNA. The vast majority of cellular p53 mRNA contains
59-UTRs with 140–170 bases (Takagi et al. 2005), so a p53
mRNA containing 145 bases of the 59-UTR and either
containing or lacking a full-length 39-UTR was transcribed
in vitro, end-labeled at the 59 end with 32P, and digested
with RNase A or RNase T1. RNase A treatment of an end-
labeled p53 mRNA lacking a 39-UTR resulted in a prom-
inent band migrating at a molecular weight consistent with
cutting next to the uridine at position �36 in the 59-UTR
[U(�36)] (Fig. 1C [lane 6], D [lanes 1,3]; Supplemental Fig.
S2). In contrast, RNase A failed to cut at this 59-UTR site
(Fig. 1D, lane 5) if the RNA lacking the 39-UTR was
mutated at U(�36) (UGG to AAA, �36 to �34) (Fig. 1B,
59-UTR mutation/5M), thus confirming this as the site
of RNase A cutting. Addition of a full-length 39-UTR se-
quence to the p53 mRNA blocked RNase A cutting at
U(�36) (Fig. 1C, lane 7), consistent with the appearance of
a dsRNA structure at this 59-UTR site when the 39-UTR is
included in the p53 mRNA. Interestingly, a new prominent
band appeared when the full-length, wild-type p53 mRNA
was digested with the C/U-directed, single-strand-specific
RNase A (Fig. 1C, lane 7, band noted by arrowhead). This
new band runs at a size consistent with cutting at the
C/U(�52/�49) sites in the putative double-strand region,
the unpaired bases in this 21-base 59-UTR region (Fig. 1B).
Mutating as few as 3 bases in the predicted interacting
region of the 39-UTR, which should disrupt the base-
pairing of the two UTRs at this site, was sufficient to
partially restore RNase A cutting at U(�36) (Fig. 1C, lane
8). RNase A cutting at U(�36) of a p53 mRNA lacking
a 39-UTR could even be abrogated by simple addition of
a DNA oligonucleotide complementary to the predicted
59-UTR-interacting region (Fig. 1D, lane 2), as would be
expected from the creation of a double-strand structure at
this site. Importantly, addition of a control oligonucleo-
tide that would not pair with this 59-UTR region failed
to abrogate RNase A cutting at this site in the p53 mRNA
lacking the 39-UTR (Fig. 1D, lane 4).

Digestion of the various p53 mRNA species with the
other single-strand-specific RNase, the G-directed RNase
T1 enzyme, gave similar results, cutting both a p53 mRNA
lacking the 39-UTR and a full-length p53 mRNA mutated
at the 39-UTR-interacting site at G(�34/�35) (Fig. 1C, lanes
10,12, respectively). Consistent with a dsRNA region,
RNase T1 failed to cut full-length, wild-type p53 mRNA
(Fig. 1C, lane 11), and, consistent with cutting at this
specific site, RNase T1 failed to cut p53 mRNA if the
G(�34/�35) putative cutting site was mutated (Fig. 1C,
lane 13). Digestion with the double-strand-specific RNase
V1 followed by primer extension gave complementary
results that similarly demonstrated the presence of a
dsRNA structure in the putative base-pairing region (Fig.
1E; Supplemental Fig. S2). RNase V1 failed to cut p53
mRNA lacking a 39-UTR (Fig. 1E, lanes 7,9, uncut major
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primer extension product noted by FL), but it digested
virtually the whole predicted double-strand region when
a 39-UTR was present, resulting in a new, much shorter
primer extension product that stopped before this puta-

tive 59-UTR sequence (Fig. 1E, lanes 8,10, new band noted
by arrowhead). Interestingly, limited RNase V1 digestion
(143 dilution, 0.007 U/mL) also revealed a preferred site of
cutting within the putative base-pairing region at G(�50/

Figure 1. A dsRNA region involving
base-pairing of 59- and 39-UTR sequences
exists in human p53 mRNA. (A) The
39-UTR sequence is required for optimal
RPL26 stimulation of a reporter gene con-
taining the p53 UTRs. MCF-7 cells were
transiently transfected with empty vector
(vector) or Flag-RPL26 (RPL26) together
with firefly luciferase constructs (FL), as
illustrated in the schematic diagram, plus
a control renilla luciferase expression con-
struct (RL). The relative FL/RL ratio was
calculated by normalizing the FL/RL ratio
of each sample to the ratio in cells trans-
fected with empty vector (instead of
RPL26), renilla luciferase, and the firefly
luciferase construct containing a 145-base
59-UTR and full-length 39-UTR of human
p53. Data shown are average 6 SD for
three independent experiments. (*) P =

0.004 (Student’s t-test). (B) Minimum free
energy computational modeling predicts
a dsRNA region containing complemen-
tary sequences of the 59- and 39-UTRs of
human p53 mRNA. The schematic dia-
gram shows the sequence and position
of these bases in full-length human p53
mRNA, with the start and stop codons
underlined, the coding sequence (CDS)
noted, and the mutations made in the
various constructs used in these studies
shown. The detailed information about
the mutations introduced into this base
pair region is summarized in Supplemen-
tal Table 1. (C) The p53 59-UTR sequence
loses its single-strand nature in the pres-
ence of the p53 39-UTR. Wild-type or
mutated p53 mRNA containing a 145-base
59-UTR and coding sequence without (D39)
or with (5W/3W) a full-length 39-UTR was

in vitro transcribed, 59 end-labeled with 32P, and subjected to RNase A (0.1 mg/mL) (lanes 6–9) or RNase T1 (0.1 U/mL) (lanes 10–13)
digestion. The digestion products were separated on a 15% UREA-TBE PAGE gel. The arrow indicates cutting at the U(�36) position in
the 59-UTR (109-base product). The arrowhead indicates cutting at the U(�49)/C(�51) position (93/96-base product). (M) A 105-base
RNA marker. (Lane 7) 5W/3W; wild-type UTRs. (Lane 8) 5W/3M; wild-type 59-UTR and 39-UTR with mutation. (Lane 9) 5M/3W;
59-UTR with mutation and wild-type 39-UTR. (D) A 21-base DNA oligonucleotide complementary to the 59-UTR (59-AS) is sufficient to
restore the double-strand structure at U(�36). (Left panel) p53 mRNA lacking the 39-UTR and containing a wild-type or mutated
75-base 59-UTR and a p53 coding sequence was in vitro transcribed, 59 end-labeled with 32P, and subjected to RNase A digestion (0.1 mg/
mL). The arrow indicates cutting at the U(�36) position in the 59-UTR. (WT) Wild-type 59-UTR; (mutant) 59-UTR with mutation.
39ctrl1 is a control oligonucleotide complementary to a 59-UTR sequence outside of the predicted interactive region (�74 to �53). The
digestion products were separated on a 15% UREA-TBE PAGE gel. (E) The p53 39-UTR sequence promotes a dsRNA structure in the
p53 59-UTR. Wild-type p53 mRNA containing a 145-base 59-UTR and coding sequence without (�) or with (+) a full-length 39-UTR were
in vitro transcribed and subjected to RNase V1 digestion (0.1 U/mL) followed by reverse transcription (primer extension). RNase V1 was
diluted 10-fold (0.01 U/mL) or 14-fold (0.007 U/mL). Sequencing (lanes 1–4) and cleavage/primer extension reactions (lanes 5–10) were
performed with an oligonucleotide primer complementary to the p53 coding sequence close to the 39 end of the ATG start codon (+2 to
+24) (see Supplemental Table 2 for sequence). Sequencing reaction products and primer extension products were separated on a 15%
Urea-TBE PAGE gel. The arrow indicates the full-length extension product (FL). The asterisk indicates a cleavage product created by
cutting within the predicted dsRNA region (seen only with limited digestion), and the arrowhead indicates a cleavage product generated
by cutting out the entire predicted dsRNA structure, both seen only in the presence of the 39-UTR. The open bracket shows the
location and the sequence of the 59-UTR strand of the putative base-pairing region.
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�51) only in the RNA containing a 39-UTR (Fig. 1E, lane 8,
band noted by asterisk), consistent with a dsRNA structure
at this site. Thus, all three RNases demonstrate the pres-
ence of a dsRNA structure involving base-pairing of the
predicted 59- and 39-UTR sequences.

The 59-UTR and 39-UTR base-pairing region is required
for RPL26 binding and modulation of p53 translation

Since both UTRs affect the translational regulation of p53
by RPL26, and since we identified a region of base-pairing
between the UTRs, we asked whether these UTR interac-
tions affect RPL26-mediated regulation of p53 translation.
Mutating the last 3 bases of the interacting region (Fig. 1B)
in either the 59 UTR (5M/3W, UGG to AAA), the 39 UTR
(5W/3M, CCA to UUU), or both (5M/3M; 59-UTR, UGG to
AAA; 39-UTR, CCA to AAA) abolished the stimulation of
the reporter by RPL26 (Fig. 2A). The same mutations
introduced into an upstream site in the 59-UTR outside of
the interacting region (�64 to �62, 59-UTR, UGC to AAA)
did not affect the ability of RPL26 to stimulate luciferase
activity (Fig. 2A, ctrl mut). A compensatory double muta-
tion that should restore the base-pairing of the last 3 bases
(5M/3C; 59-UTR, UGG to AAA; 39-UTR, CCA to UUU)

restored the ability of the reporter to respond to RPL26
regulation. None of the mutations affected expression
levels of the introduced RNAs (Supplemental Fig. S3) or
basal reporter activity. These results suggest that base-
pairing interactions of the last 3 base pairs (bp) of the UTR-
interacting region are particularly important in regulating
the translation of p53 mRNA by RPL26.

RPL26 binds to p53 mRNA in cells after DNA damage
and stimulates its translation (Takagi et al. 2005; Ofir-
Rosenfeld et al. 2008). It is notable that RPL26 binds to p53
mRNA in the nucleus after damage (Supplemental Fig. S4),
suggesting that these effects may represent an extrariboso-
mal function of RPL26. We examined the role of this UTR-
interacting region in modulating the ability of RPL26 to
bind to p53 mRNA. Wild-type or mutant p53 mRNAs with
59 caps and 39 poly(A) tails were transcribed in vitro and
transfected into p53-null H1299 cells, and the ability of
endogenous RPL26 protein to bind to p53 mRNA was
assessed. Although RPL26 bound to p53 mRNA with wild-
type UTR sequences, it failed to bind p53 mRNA with
mutations that disrupt the interactions of the last 3 bp (Fig.
2B), whether the mutations were in the 39-UTR (5W/3M),
the 59-UTR (5M/3W), or both (5M/3M). Consistent with
the reporter assay (Fig. 2A), compensatory mutations (5M/
3C) rescued the binding of RPL26 to p53 mRNA, which
confirms the dependence of RPL26 on the double-strand
structure at the position of these 3 bp for optimal binding
to p53 mRNA. The slightly greater binding of RPL26 to the
5W/3M mutant (39 mutation only) than to the 5M/3W or

Figure 2. The last 3 bp in the putative 59, 39-UTR dsRNA
structure are required for optimal RPL26 stimulation of p53
translation. (A) Mutations inside the UTR-interacting region
modulate p53 reporter gene induction by RPL26. Mutations (as
indicated in Fig. 1B; Supplemental Table 1) were introduced into
the 59-UTR (5M/3W), 39-UTR (5W/3M), or both (5M/3M), in-
cluding a compensatory mutation (5M/3C) that restores com-
plementarity or an identical 59-UTR control mutation (ctrl mut)
upstream (�64 to �62) of the UTR-interacting region. The dual-
luciferase reporter assay was performed as in Figure 1A. Data
shown are average 6 SD for three independent experiments.
P-values were calculated using Student’s t-test. (B) Mutations
inside the UTR-interacting region affect binding of RPL26
protein to human p53 mRNA in cells. In vitro transcribed
wild-type or mutated p53 mRNAs with 59 cap and 39 polyade-
nylation modifications were transfected into H1299 cells. En-
dogenous RPL26 was immunoprecipitated 16 h post-transfection
and the bound p53 mRNA was measured by real-time RT–PCR.
The bar graphs show the ratio of the bound p53 mRNA level
compared with that seen in cells with wild-type p53 mRNA.
The error bars represent average 6 SD for three experiments.
P-values were calculated using Student’s t-test. (C) Mutations in
the UTR-interacting region affect the binding of RPL26 protein
to human p53 mRNA in vitro. RNA-EMSA was performed to
detect the binding of recombinant RPL26 protein (amino acids
45–145) to in vitro transcribed, 59 end 32P-labeled wild-type or
mutated p53 mRNA with a 145-base 59-UTR and full-length
39-UTR. In the left panel, an antibody raised against the N
terminus (N) or C terminus (C) of RPL26 protein was used for
supershift. Asterisks indicate the positions of mobility retarded
protein–RNA complexes.
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5M/3M mutants (Fig. 2B) is consistent with the low-level
stimulation of translation by RPL26 in an mRNA contain-
ing just the 59-UTR (Fig. 1A), and suggests a low-level
binding and stimulation associated with the 59-UTR se-
quence alone. These UTR mutations did not affect the
levels of p53 mRNA in cells, the basal p53 mRNA trans-
lation, or the level of RPL26 protein during the time frame
of the study (Supplemental Fig. S5). Thus, the effects of
RPL26 on reporter expression and p53 mRNA binding
cannot be attributed to alterations in RNA transcription
or stability. Finally, purified, recombinant RPL26 protein is
able to directly bind to p53 mRNA in vitro (Fig. 2C, left
panel), and this binding is abrogated by deletion of the
39-UTR (Supplemental Fig. S6) or by mutation of the
59–39-UTR-interacting region (Fig. 2C, 5M/3M) and is re-
stored by compensatory mutations that restore comple-
mentarity of this region (Fig. 2C, 5M/3C).

Disruption of the UTR-interacting region affects
damage induction of p53 in cells

In order to explore the role of the 59- and 39-UTR base-
pairing sequences in regulating p53 translation and p53
induction after DNA damage in cells, we attempted to
disrupt the 59–39-UTR interaction by transfecting 21-base
ssDNA oligonucleotides complementary to either the
59- or 39-UTR-interacting sequences into MCF-7 cells and
examining potential effects of these oligonucleotides on
p53 induction after DNA damage. Introduction of oligo-
nucleotides complementary to either the 39-UTR se-
quence (Fig. 3A, left panel, 59oligo) or 59-UTR sequence
(Fig. 3A, right panel, 59AS), but not control oligonucleo-
tides, blunted induction of endogenous p53 following
ionizing irradiation (IR). The inhibitory effects of com-
plementary oligonucleotides that can bind either the 59- or
39-UTR sequences are consistent with a model in which
this UTR-interacting region is important for p53 regulation.
In order to determine the optimal or minimal oligonucle-
otide sequence length required for this inhibition, serial
deletions were made by progressively shortening the in-
terfering oligonucleotides by 3 bases on either end of
the 59 oligonucleotide sequence (complementary to the
39 interactive sequence). While oligonucleotides contain-
ing the last bases in the 59-UTR interactive sequences (L18,
L15, L12, and L9) retained full inhibitory activity, removal
of the last 3 bases in each case (F18, F15, F12, and F9)
abrogated inhibitory activity (Fig. 3B,C). It is noted that F18
and L18, for example, have significant sequence overlap,
sharing 15 out of 18 bases in common, but exhibit mark-
edly different activities in these assays. As long as the final
3 bases in the sequence were preserved, oligonucleotides as
short as 8–9 bases could blunt p53 induction after IR (Fig.
3C). Importantly, addition of the oligonucleotides caused no
changes in the basal levels of p53 mRNA in cells with or
without IR, and no changes of the half-life of p53 mRNA
(Supplemental Fig. S7A). Fifteen-base oligonucleotides
are short enough to have the potential to enter cells
without transfection, and simple incubation of the L15
oligonucleotide with cultured MCF-7 cells was able to
reduce p53 induction after IR (Fig. 3D). Thus, L15 has the

potential to be used as a small molecule inhibitor of p53
induction.

The importance of the last 3 bases in these oligonucle-
otide sequences in blocking p53 induction in cells was
reminiscent of the importance of these same 3 bases in trans-
lational regulation of p53 reporters carrying full-length
p53 UTRs in the dual-luciferase reporter assay (Fig. 2A)
and in determining the binding of RPL26 protein to p53
mRNA in cells (Fig. 2B) or in vitro (Fig. 2C). To further
explore the importance of these last 3 bases in the
interacting sequence, oligonucleotides were generated in
which various bases in L15 were mutated and tested for
their ability to blunt p53 induction after DNA damage in
cells. While L15 oligonucleotides containing mutations of
either the first 3 bases (m1) or the middle 6 bases (m2) of
the critical sequence partially lost inhibitory activity,
mutation of the last 3 bases (m3) abrogated all inhibitory
activity (Fig. 3E).

Optimal IR-induced increases in p53 protein levels are
dependent on increases in p53 protein translation and
require the binding of RPL26 to the 59-UTR of p53 mRNA
(Takagi et al. 2005; Ofir-Rosenfeld et al. 2008). Similar to
its blocking effects on p53 induction following IR, addition
of L15 to cells blunted p53 induction caused directly by
overexpression of RPL26 (Fig. 3F). Along with the obser-
vation that disruption of the UTR-interacting sequence by
mutation could disrupt the binding of RPL26 to p53
mRNA (Fig. 2B,C), this observation suggested that the
ability of the oligonucleotides to blunt p53 induction after
IR could result from blockade of the binding of RPL26 to
p53 mRNA. As noted previously (Takagi et al. 2005),
RPL26 binding to endogenous p53 mRNA is detectable
after IR by immunoprecipitation of RPL26 protein fol-
lowed by RT–PCR (IP-RT–PCR) to quantitate the amount
of p53 mRNA bound to RPL26 (Fig. 3G; Supplemental Fig.
S7B). Transfection of cells with L15, but not the control
F15 oligonucleotide, blocked the enhanced binding of
RPL26 to p53 mRNA in IR-treated cells (Fig. 3G; Supple-
mental Fig. S7B, right panel). Addition of a 15-base
oligonucleotide that would mimic the 39-UTR-interacting
sequence and bind to the 59-UTR (L15-AS) also blocked
RPL26 binding to p53 mRNA.

Since DNA oligonucleotides were used for these exper-
iments, it was possible that the DNA–RNA hybrids
generated could engage RNase H activity and that the
oligonucleotide effects we observed were attributable to
differential degradation of p53 mRNA. This seemed un-
likely, since the p53 inhibitory activities (or lack thereof)
of the different oligonucleotides did not correlate with
their complementarity to the p53 mRNA sequence. Nev-
ertheless, to ensure that the oligonucleotides were blunt-
ing p53 induction by blocking the binding of RPL26
protein to p53 mRNA and not by leading to changes in
the levels of p53 mRNA, we used quantitative, real-time
PCR to assess levels of p53 mRNA following exposure to
the various oligonucleotides. Despite measurable differ-
ences in impacting RPL26 binding and p53 induction after
IR, there was no measurable impact on the levels of p53
mRNA with the various oligonucleotides (Supplemental
Fig. S7A,B). To further rule out the potential of RNase H
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contributions, ‘‘locked’’ (LNA [locked nucleic acid]) oligo-
nucleotides were synthesized that would not be able to
engage RNase H activity in the cell when bound to p53
mRNA. Introduction of these ‘‘locked’’ oligonucleotides
gave results identical to those seen with unmodified DNA
oligonucleotides in that the F15 sequence had no impact
on p53 induction after IR, while L15 locked oligonucleo-

tides blunted p53 induction (Fig. 3H). Finally, L15 had no
impact on p53 induction following Nutlin treatment,
which increases cellular p53 protein levels via increased
p53 protein half-life by blocking Mdm2-mediated degra-
dation of p53 protein (Supplemental Fig. S7C). If L15 were
degrading p53 mRNA, p53 induction also should have
been compromised in the 18 h of the nutlin exposure.

Figure 3. DNA oligonucleotides targeting
the UTR-interacting region inhibit p53 in-
duction and RPL26 binding. (A) DNA oli-
gonucleotides complementary to either the
59- or 39-UTR-interacting regions block p53
induction. MCF-7 cells were transfected
with the indicated amounts of 21-base
oligonucleotides using Lipofectamine
RNAi MAX or Lipofectamine 2000 (Invi-
trogen). Oligonucleotides were comple-
mentary to the interacting sequences of
the 39-UTR (59oligo), the 59-UTR (59-AS),
or UTR sequences from nearby surround-
ing regions (59 or 39 ctrl1 or ctrl2). Twenty-
four hours post-transfection, MCF-7 cells
were irradiated (0 or 5 Gy IR), harvested 30
min later, and immunoblotted for p53 and
NCL proteins. (B) A 15-base fragment of
the 21-base 59oligo is sufficient to block
p53 induction by IR. p53 induction 30 min
after 5 Gy IR was assessed in MCF-7 cells
transfected with various oligonucleotides
as described in A. (59oligo) 21-nt 59-UTR-
interacting sequence; (F18) the first 18
bases of the 21-nt 59oligo; (L18) the last
18 bases of the 21-nt 59oligo; (F15) the first
15 bases of L18; (L15) the last 15 bases of
L18. Luc21, luc18, and luc15 were oligonu-
cleotides of the luciferase coding sequence
with indicated length. (C) Small DNA
oligonucleotides can block IR induction of
p53. MCF-7 cells were transfected with
shorter oligonucleotides generated by serial
deletion of L15 from the 59 end (L12, L9,
L8, and L7) for 24 h. p53 induction was
assessed in transfected cells 30 min after
5 Gy IR. Oligonucleotides (F12 and F9) gen-
erated by deletion from the 39 end of F15
were used as controls. (D) L15 can enter
cells and block p53 induction in the ab-
sence of transfection. Oligonucleotides (40
mM) were incubated with MCF-7 cells for
24 h prior to 0 or 5 Gy IR and p53 induction
was assessed after 30 min. (E) Point muta-

tions in L15 abolish its blocking effect on p53 induction. p53 induction was assessed 24 h after addition of F15, L15, or mutated L15
to MCF-7 cultures and 30 min after 0 or 5 Gy IR. The sequences of L15, m1, m2, and m3 are GACACGCTTCCCTGG,
TTTACGCTTCCCTGG, GACACAACCAACTGG, and GACACGCTTCCCAAA, respectively. (F) L15 blocks RPL26 induction of
p53. GFP and GFP-RPL26 were transfected into MCF-7 cells and L15 was added to the medium where indicated 6 h later. p53 levels
were assessed 24 h post-transfection. (G) L15 blocks the binding of RPL26 to p53 mRNA in irradiated cells. Thirty minutes after 10 Gy
IR, endogenous RPL26 was immunoprecipitated from MCF-7 cells that had been transfected with 40 mM of the indicated
oligonucleotide 24 h earlier. p53 mRNA bound to RPL26 was quantified by real-time RT–PCR. The bar graphs show the ratio of the
p53 mRNA level to that in untreated cells. The error bars represent average 6 SD for three experiments. (*) P = 0.01 (Student’s t-test).
(H) The LNA-modified L15 (L15-LNA) DNA oligonucleotide inhibits p53 induction. p53 induction 30 min after 5 Gy IR was assessed in
MCF-7 cells transfected with L15-LNA. LNA-modified F15 (F15-LNA) is used as a control. Fold increase of p53 protein level is shown
below the blot. The band intensity of p53 in each lane was quantified using Image J and normalized to the band intensity of NCL and
then compared with the F15-LNA transfected, no-IR-treated lane (first lane).
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These data, together with the studies described above,
demonstrate that disruption of the interactions of the last
3 bp in the 59–39-UTR-interacting region, whether by
introduction of mutations in the mRNA (Fig. 2) or
introduction of interfering oligonucleotides (Fig. 3), abol-
ishes the binding of RPL26 to p53 mRNA and blunts the
translational induction of p53 by RPL26.

Reagents to modulate stress induction of p53 in cells

p53 protein is induced by many different types of DNA
damage and other stresses (Giaccia and Kastan 1998). Pre-
viously, we demonstrated that down-regulation of RPL26
protein with an siRNA blocks p53 induction after either IR
or UV irradiation (Takagi et al. 2005). Thus, we asked
whether these inhibitory oligonucleotides would block
p53 induction following a variety of different stresses.
Similar to their effects on IR-treated cells, these oligonu-
cleotides reduced p53 induction after exposure to UV irra-
diation, alkylating agents (methylmethanesulfonate [MMS]),
anti-metabolites (5-fluorouracil [5-FU]), a topoisomerase
II inhibitor (etoposide), or a hypoxia mimic (desferox-
amine [DFO]) (Fig. 4A). With all of the damaging agents,
a quantitative reduction, rather than a complete inhibi-
tion, of p53 induction was seen with the oligonucleotide
treatments (Fig. 4A; Supplemental Fig. S8).

Since induction of p53 protein can lead to cell cycle
arrest or cell death, the abilities of these oligonucleotides
to block cell death following stress induction of p53 was
also examined. Treatment of p53-competent HCT116 cells
with 5-FU induces a p53-dependent apoptotic cell death
that can be blocked by down-regulation of RPL26 (Takagi
et al. 2005). Simple incubation of parental HCT116 cells
with the L15 oligonucleotide attenuated both p53 induc-
tion (Fig. 4A) and cell death (Fig. 4B) induced by treatment
with 5-FU. L15 had no measurable effect in p53-null
HCT116 cells. Similarly, introduction of L15 into
HCT116 cells led to a marked p53-dependent growth
advantage in cells exposed to the DNA-damaging agent
etoposide (Fig. 4C).

Discussion

It is well established that the binding of the E3–ubiquitin
ligase MDM2 to p53 protein regulates the half-life of p53
protein and is a major modulator of both basal and
damage-induced p53 protein levels (Ashcroft and Vousden
1999; Michael and Oren 2003). We also reported that
increases in p53 mRNA translation are a requisite com-
ponent of optimal p53 induction following DNA damage
and are dependent on the ability of RPL26 protein to bind
to the 59-UTR of p53 mRNA (Takagi et al. 2005; Ofir-
Rosenfeld et al. 2008). The data presented here provide
significant new mechanistic insights into how p53 trans-
lation and p53 induction are regulated by RPL26 and
suggest a novel model of mammalian protein translational
regulation.

Although we previously reported independent binding of
RPL26 protein to the 59-UTR of p53 mRNA (Takagi et al.
2005), here we provide data demonstrating that RPL26

binding and p53 translational stimulation are further
enhanced by the additional presence of the 39-UTR of p53
mRNA. Having identified a region of complementarity and
interaction between the 59- and 39-UTRs of p53 mRNA, we
found that the ability of RPL26 to bind to p53 mRNA and
stimulate its translation are optimal in the presence of this
59–39-UTR dsRNA structure. Amazingly, disruption of as
few as 3 nucleotides (nt) in the predicted dsRNA structure
was sufficient to abrogate RPL26 binding and translational
stimulation. Restoration of binding and translational stim-
ulation by compensatory mutations that restore comple-
mentarity of these 3 bases demonstrated that the base-
pairing structure at this site, rather than the primary RNA
sequence, plays the dominant role in RPL26 regulation of
p53 translation and induction. After DNA damage, the
increased translation of p53 mRNA is dependent on the
binding of RPL26 to p53 mRNA and the subsequent
enhanced association of p53 mRNA with heavy polysomes
(Takagi et al. 2005). The mechanism by which RPL26
binding to p53 mRNA is stimulated by exposure of cells
to DNA damage remains to be elucidated, but it could
involve modulation of Mdm2 binding to RPL26 protein
following DNA damage (Ofir-Rosenfeld et al. 2008). The
increased binding of RPL26 to p53 mRNA after DNA
damage is detectable in the nucleus, suggesting that this
mechanism reflects a nonribosomal function of RPL26
protein.

Regulation of protein translation by UTR sequences is
not a new concept. UTRs have been implicated in the
regulation of protein translation through recruiting pro-
tein regulators (Standart and Jackson 1994) or small non-
coding RNAs (Vasudevan et al. 2007; Grivna et al. 2006a,b),
or by forming secondary structures that affect interactions
with translational machinery (Gray and Hentze 1994;
Sonenberg and Hinnebusch 2009). Both 59- and 39-UTR
sequences have been demonstrated to have important roles
in controlling translation of eukaryotic mRNAs (Kuersten
and Goodwin 2003; Pickering and Willis 2005), including
p53 (Mosner et al. 1995; Fu and Benchimol 1997; Mazan-
Mamczarz et al. 2003; Schumacher et al. 2005). Among the
more typical scenarios would be control of translation
mechanisms by 59-UTR sequences and control of mRNA
stability by 39-UTR sequences (Melefors and Hentze 1993;
Sachs 1993). Interactions between 59 and 39 mRNA ends
in translational control have also been described, including
a recent report of two distinctive closed-loop mRNP
structures stabilized by eIF4E, eIF4G, and eIF3 initiation
factors, which circularize a capped mammalian mRNA by
bridging the 59 CAP structure with proteins bound at the
39 poly(A) tail (Sonenberg and Hinnebusch 2007, 2009;
Amrani et al. 2008). In this case, the circularization of the
mRNA facilitates cap-dependent translation. However,
this 59–39 interaction occurs between generic structures
(59 CAP and 39 poly[A] tail) and is not an interaction
between complementary sequences. Gene-specific trans-
lational control by interactions between 59- and 39-UTR
sequences have been described in bacteria (Franch et al.
1997) and RNA viruses (Edgil and Harris 2006), but rarely
in eukaryotic RNAs. An unusual example is the Barley
yellow dwarf luteovirus (BYDV) mRNA, which forms
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a closed loop by direct interaction between 59- and 39-UTR
sequences in the absence of protein factors as a mechanism
of controlling efficiency of translation initiation (Guo et al.
2001). The data herein provide an example of regulating
mammalian protein translation by formation of a dsRNA
structure involving base-pairing between a 59- and a
39-UTR to regulate translation of a discrete mRNA. Mathe-
matical modeling suggests that these interactions occur in
p53 mRNA in a wide variety of species and are not limited
to human p53. It seems likely that the translation of other
eukaryotic gene products will be found to use similar
regulatory mechanisms.

In addition to the insights gained into novel mecha-
nisms involved in the regulation of mammalian protein
translation and into p53 induction after DNA damage,

these results have identified a novel approach to regulating
p53 protein levels in cells. Cellular introduction of small
oligonucleotides that would disrupt this base-pairing blocks
the binding of RPL26 protein to p53 mRNA and reduces
p53 induction following exposure to a variety of different
DNA-damaging agents. Blunting p53 induction with these
oligonucleotides results in increased cell survival following
the toxic exposures. Oligonucleotides of sufficiently short
length were identified that are able to enter into cells
without transfection and are able to blunt p53 induction
simply by addition to cultured cells, thus providing
a small molecule reagent capable of modulating p53
induction.

Although the induction of p53 protein after DNA
damage and other stresses appears to be an important

Figure 4. Oligonucleotides targeting the
UTR-interacting region are small mole-
cules that can modulate stress induction
of p53 and resultant cellular effects in cells.
(A, top left) 59-UTR DNA oligonucleotides
block p53 induction following many types
of stress. MCF-7 cells were transfected
with 40 mM L15 20 h before exposure
to 5 J/m2 UV, and p53 induction was
assessed 3 h later. MCF-7 or HCT116 cells
were transfected with L15 or L8 for 4 h
before administration of 100 mM 5-FU
(HCT116WT), 170 mM etoposide (ETO)
(HCT116WT), 250 mM DFO (MCF-7), or
50 ng/mL methylmethanesulfonate (MMS)
(MCF-7) for an additional 20 h, 48 h, 20 h,
or 4 h of incubation, respectively, and p53
induction was assessed by immunoblot.
The control oligonucleotide shown is F15
or F8. (B) L15 attenuates p53-dependent
cell death. p53 wild-type (WT) or p53-null
(p53�/�) HCT116 cells were incubated with
40 mM L15 for 4 h before administration of
100 mM 5-FU for an additional 20 h of
incubation. Untreated (WT and p53�/�)
and treated (WT + L15 and p53�/� + L15)
cells were subjected to PI staining. The
subG1 cell population was counted and
plotted. Data shown are average 6 SD
for three independent experiments. (*) P =

0.018 (WT vs. WT + L15, Student’s t-test).
(C) L15 provides a p53-dependent selection
advantage for cells following DNA damage.
p53 wild-type (WT) or p53-null (p53�/�)
HCT116 cells were transfected with 20
mM fluorescein-conjugated L15 or F15
(FAM-L15 and FAM-F15) 4 h before admin-
istration of 170 mM etoposide (ETO), and
viable cells (PI-negative) were assessed by
FACS analysis 1 or 2 d later. The percent-
age of FAM+ viable cells was assessed at
each time point and treatment condition
and normalized to the percentage of FAM+

cells prior to etoposide treatment. The
right panel shows the fold increase of

FAM+ viable cells in etoposide-treated samples compared with untreated samples. Data shown are average 6 SD for three independent
experiments. A representative FACS analysis (L15 and WT, 24 h) is shown in the left panel.
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mechanism for limiting tumor development, there is
a downside associated with p53 induction; namely, asso-
ciated tissue toxicity (Gudkov and Komarova 2003). Tox-
icities such as bone marrow suppression and gastrointes-
tinal injury seen with radiation therapy or chemotherapy
for cancer or associated with accidental toxic exposures
could theoretically be ameliorated by reducing p53 in-
duction. For example, lethal total body irradiation fails to
kill mice lacking p53 genes (Levine 1997; Westphal et al.
1998). It is easy to envision the use of such inhibitors to
protect from tissue toxicity following accidental exposures
to dangerous chemicals or radiation, but, for use in cancer
therapies, one would likely only consider using p53 in-
hibitors to protect normal tissues during therapy for a p53
mutant tumor. Since a high percentage of human tumors
contain mutant p53 (Levine 1997), this could still have
broad applications. A theoretical concern for blunting p53
induction in such settings might be the possibility of
enhanced secondary tumors, but recent data suggest that
restoration of p53 function to premalignant or malignant
cells is sufficient to provide anti-tumor effects (Martins
et al. 2006; Kastan 2007; Ventura et al. 2007; Xue et al.
2007). Since p53 function would only be transiently
inhibited in this proposed setting, cancer promotion would
be less of a concern. A small molecule, pifithrin, has been
reported previously to block p53-dependent transcrip-
tional activation and apoptosis (Komarov et al. 1999), but
this agent does not block p53 induction, its molecular
mechanism has not been elucidated, and it appears to have
some off-target effects (Sohn et al. 2009).

Hypoxia and oxidative stress also induce p53 (Giaccia
and Kastan 1998), and blunting p53 induction could reduce
tissue damage in settings of hypoxia reperfusion injury,
such as a heart attack or stroke. Additional settings where
transiently blunting p53 induction would be clinically
useful are also conceivable. It is also noted that blunting
p53 induction in cultured cells could be a useful tool in
research settings, as it might permit growth of cells in
cultured systems that are typically difficult to grow because
of ‘‘culture shock’’ (Sherr and DePinho 2000). In the
experiments reported here, we already demonstrated that
one small molecule, L15, can blunt p53 induction and
enhance cell survival after chemotherapy exposure follow-
ing simple addition to cultured cells. The generation of
oligonucleotides targeting this p53 structure with improved
stability or ability to enter cells, or the identification of
small molecules that can block this specific process regu-
lated by RPL26 and sequence-specific RNA interactions,
could provide additional useful research tools and clinical
reagents. In vivo testing in murine or other model systems
will require the identification of the optimal interactive
RNA sequence and oligonucleotide inhibitor specific for
the given species. As evidenced by the critical importance
of the last 3 bases in this particular 21-base human
sequence, the critical interactive sequence in any given
species may not be immediately obvious from mathe-
matical modeling. Identification of the relevant se-
quences in other species, however, will be important
for preclinical, proof-of-principle tests of targeting this
pathway.

Materials and methods

Cell culture, transfection, and cell death/protection assays

MCF-7 (p53-competent), H1299 (p53-null), HCT116 wild-type, or
HCT116 p53�/� cells were maintained in DMEM plus 10% fetal
bovine serum (FBS). Plasmids and oligonucleotides were trans-
fected into cells using Lipofectamine 2000 (Invitrogen) and Lip-
ofectamine RNAi MAX (Invitrogen). Cell death was assessed by
a propidium iodide (PI) staining assay adapted from Yu and Little
(1998). Briefly, 4 h post-incubation with oligonucleotides, HCT116
wild-type or HCT116 p53�/� cells were exposed to 100 mM 5-FU
for 20 h. Cells were harvested, fixed with 100% cold methanol, and
incubated with 10 mg/mL PI plus 250 mg/mL RNase A solution for
30 min at room temperature before FACS analysis. In cell pro-
tection assays, 4 h post-transfection with the indicated fluorescein
(FAM)-conjugated oligonucleotides, HCT116 wild-type or HCT116
p53�/� cells were exposed to 170 mM etoposide (Bedford Labora-
tories) for the indicated periods of time. Cells were then harvested,
washed once with PBS, and resuspended in 10 mg/mL PI/PBS
solution before FACS analysis.

Plasmids, oligonucleotides, and protein

p53 and its mutants were constructed in a pLPCX vector (Takagi
et al. 2005). GFP-RPL26 and Flag-RPL26 were constructed in
pEGFP-C3 and pCMV-Flag vectors, respectively. Luciferase re-
porter constructs were based on a pGL3ctrl vector (Promega).
Oligonucleotides used in this study were synthesized at the
Hartwell Center of the St. Jude Children’s Research Hospital.
The sequences of the oligonucleotides were summarized in
Supplemental Table 2. Recombinant RPL26 (amino acids 45–
145) protein was purchased from Abnova.

LNA-modified DNA oligonucleotides (ODN) were purchased
from Exiqon. The sequences of L15-LNA and F15-LNA are
+GAC+ACG+CTT+CCC+TGG and GG+TGA+CAC+GCT+TCC
+C respectively. ‘‘+’’ indicates the location of the modified bases.

In vitro RNA synthesis

Capped p53 mRNA was transcribed in vitro using the mMES-
SAGE mMACHINE kit (Ambion) followed by a poly(A) tailing
kit (Ambion) to add a poly(A) tail modification. The synthesized
mRNA was further purified through a MEGAClear column
(Ambion) and was quantified using Nanodrop. RNA without
modification (RNA-EMSA and RNase digestion assays) was
synthesized using the MEGAscript High-Yield Transcription
kit (Ambion). All synthesized RNA was purified by the MEGA-
clear kit (Ambion) or gel purification (http://www.ambion.com).

Dual-luciferase assay

Luciferase assays were performed by using the dual-luciferase
reporter assay system (Promega) according to the manual pro-
vided by the manufacturer. Briefly, MCF-7 cells were cotrans-
fected with 4 mg of Flag-RPL26, 100 ng of �145pGl3ctrl+/� 39-
UTR (wild-type or mutated 145-base 59-UTR, luciferase coding
sequence, with or without 39-UTR of human p53 mRNA), and 27
ng of pRL-TK. Twenty-four hours post-transfection, cell lysates
were prepared and subjected to the reporter assay according to
the manual instructions.

Immunoblot and IP-RT–PCR

Cell lysates were prepared by a freeze/thaw followed by incuba-
tion in RIPA buffer for 30 min on ice, and supernatants were
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analyzed by immunoblot analysis. Protein samples (20 mg) were
denatured in an equal volume of SDS sample buffer, separated by
4%–12% SDS-PAGE, and transferred to nitrocellulose membrane.
The blots were probed with primary antibody against p53 (DO-1;
Santa Cruz Biotechnology), GFP (FL; Santa Cruz Biotechnology),
RPL26 (Bethyl Laboratories, Inc.), or Actin (Sigma). Primary
antibody binding was detected by incubating with horseradish
peroxidase (HRP)-conjugated anti-rabbit, anti-mouse secondary
antibody, and further enhanced chemiluminescent visualization
(ECL) system (Amersham Biosciences). IP-RT–PCR was performed
as described previously in Takagi et al. (2005). Real-time RT–PCR
was performed using the 7900HT sequence detection system and
TaqMan One-Step PCR MasterMix Reagents kit (ABI). The
primer/TaqMan probe set for human p53 was Hs00153340_m1
(203 mix) (ABI) or Hs00153349_m1. Hs00153340_m1 spans exon
1 and exon 2 of human p53 mRNA, and Hs00153349_m1 spans
exons 9 and 10. Human 18S rRNA (203) (ABI) was used as an
internal control. Total RNA extracted from MCF-7 cells was used
for a standard curve. The reaction was performed with 50 ng of
total RNA in triplicate reactions in a 30-mL volume containing 23

p53 primer/probe and 1318S rRNA primer/probe. Cycling condi-
tions were 10 min at 25°C, 30 min at 48°C, 10 min at 95°C, and 40
cycles of 15 sec at 95°C and 1 min at 60°C for amplification. The
results were analyzed by using SDS 2.2 software (ABI). For
comparing total human endogenous p53 mRNA levels in cells,
the amount of p53 mRNA level was normalized to the internal
18S rRNA level. For IP-RT–PCR, the absolute amount of human
p53 mRNA level was used for analysis.

RNase digestion assay and RNA-EMSA

In vitro transcribed RNA was 59 end-labeled using the KinaseMax
(Ambion) 59 end-labeling kit. Labeled RNA (40–80 ng) was in-
cubated with indicated amounts of oligonucleotides for 30 min at
30°C in 13 digestion buffer. After these pretreatments, RNase A
(0.1 mg/mL) or RNase T1 (0.1 U/mL) (Ambion) was incubated with
the reaction mixture for 15 min at room temperature. After
digestion, RNA was precipitated, resuspended, and separated in
precast 15% UREA-TBE PAGE gel (Invitrogen), and the gel was
dried for 2 h at 60°C and then subjected to autoradiography. RNA-
EMSA protocol was adopted from http://www.vaxron.com; the
labeled RNA (;100 ng per sample) was incubated with indicated
proteins or antibodies for 15 min at ambient temperature and
separated on 3.5% native PAGE gel, and the gel was then dried for
2 h at 80°C before autoradiography.

RNase V1 partial digestion/primer extension experiment

Oligonucleotide primer for primer extension and sequencing
reaction was 59 end-labeled using the KinaseMax (Ambion)
59 end-labeling kit and purified through MEGAClear column
(Ambion). One microgram of in vitro synthesized RNA was
digested by 103 or 143 dilution of stock RNase V1 (0.1 U/mL) for
15 min at room temperature based on the manufacturer’s in-
structions (Ambion). The reaction was stopped by phenol/
chloroform extraction followed by ethanol precipitation. The
pellet of cleaved RNA was dissolved in 10 mL of DEPC treated
water for primer extension using SuperScript III first strand
cDNA synthesis kit (Invitrogen). The primer extension products
were concentrated by ethanol precipitation. For orientation of
the cleavage products to the sequence, sequencing reactions
were performed with the USB Sequenase version 2.0 DNA
sequencing kit (Amersham). The template for sequencing was
pLPCX plasmid with full-length human p53 cDNA. Both the
sequencing products and reverse transcripts were separated in

precast 15% UREA-TBE PAGE gel (Invitrogen) and then trans-
ferred to a nylon membrane before autoradiography.
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