The role of mRNA decay in p53-induced gene expression
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ABSTRACT

The p53 tumor suppressor is a DNA-damage-responsive sequence-specific transcriptional activator. The sustained activation of
the p53 response is incompatible with cell growth and viability. To circumvent this issue, a variety of negative feedback loops
exist to limit the duration of p53 activation. Despite our understanding of p53 regulation, very little is known about the effect of
transient p53 activation on the long-term expression of p53 target genes. Here we used a temperature-sensitive variant of p53
and oligonucleotide microarrays to monitor gene expression during and following reversible p53 activation. The expression of
most p53-induced transcripts was rapidly reversible, consistent with active mRNA decay. Representative 3’ UTRs derived from
short-lived transcripts (i.e., DDB2 and GDF15) conferred instability on a heterologous mRNA, while 3’ UTRs derived from more
stable transcripts (i.e., CRYAB and TP5313) did not. The 3’ UTRs derived from unstable p53-induced mRNAs were significantly
longer than those derived from stable mRNAs. These 3’ UTRs had high uridine and low cytosine content, leading to a higher
density of U-, AU-, and GU-rich sequences. Remarkably, short-lived p53 targets were induced faster, reaching maximum
transcript levels earlier than the stable p53 targets. Taken together, the evidence indicates that the p53 transcriptional response
has evolved with primarily short-lived target mRNAs and that post-transcription processes play a prominent role in the p53
response.
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INTRODUCTION 1999). The expression of p53 itself is negatively regulated by
the p53-regulated ubiquitin ligase Mdm2 (Wu et al. 1993;
Honda et al. 1997). This protein is able to bind p53, inhibit
its transcriptional activity, and target p53 for proteasome-
mediated degradation (Momand et al. 1992; Honda et al.
1997). The p53-Mdm?2 negative feedback loop is essential to
prevent a sustained increase in the expression and activity of
p53 (Jones et al. 1995; Montes de Oca Luna et al. 1995).
Despite our understanding of this negative feedback mech-
anism, very little is known about the attenuation of the p53-
dependent transcriptional response.

A variety of conditional expression systems have been
used to study the onset of the p53 transcriptional response
on a genomewide scale (Yu et al. 1999; Kannan et al. 2000,
2001; Zhao et al. 2000; McKay et al. 2004; Smith et al. 2007).
A valine-to-alanine substitution at codon 135 of murine p53
(V135A) gives rise to a temperature-sensitive variant of p53
that drives p53-dependent gene expression at the permissive
temperature (32°C) (Michalovitz et al. 1990; Gannon and

Mutations in the p53 tumor suppressor are among the
most common alterations in cancer (Hollstein et al. 1991).
This protein is best known as a transcriptional regulator of
messenger RNAs (mRNAs) encoding regulators of apopto-
sis, senescence, cell cycle arrest, and DNA repair that likely
contribute to the anti-neoplastic activity of p53 (Riley et al.
2008). In response to a variety of cellular stresses, including
DNA damage, p53 becomes phosphorylated and acety-
lated, leading to an increase in the half-life of the protein
(Ljungman and Lane 2004). Extensive DNA damage can lead
to the sustained activation and accumulation of p53 and the
consequent induction of apoptosis (Bates et al. 1999; McKay
et al. 1999). Moderate levels of DNA damage can lead to
transient p53 accumulation associated with short-term cell
cycle arrest and DNA repair (Bates et al. 1999; McKay et al.
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systems, the activity of the V135A variant of p53 is readily
reversible, as evidenced by cell cycle reentry (McKay et al.
2000) and reversal of earlier changes associated with apo-
ptosis (Geske et al. 2001) when cells are returned to the
restrictive temperature (38°C). Therefore, this model affords
a unique but until now unutilized opportunity to study the
reversal of the p53-transcriptional response following tran-
sient p53 activation.

Here, gene expression profiling was performed to mon-
itor global changes in gene expression during and following
activation of the temperature-sensitive V135A variant of p53.
Activation of p53 led to the induction of many known p53
target genes, and most of these p53-responsive transcripts
decayed rapidly upon loss of p53 activity. The 3" UTRs of
representative unstable transcripts accelerated the decay of
a heterologous reporter mRNA under the control of a tetra-
cycline-regulated promoter, indicating that these 3" UTRs
contribute to accelerated mRNA decay. These unstable 3’
UTRs were uridine-rich at the expense of cytosine, resulting
in significantly more U-, AU-, and GU-rich sequences that
have been associated with mRNA instability in other systems.
In contrast, the 3" UTRs derived from stable p53-induced
transcripts were significantly shorter than expected, exhibited
no sequence bias, contained fewer putative mRNA destabi-
lizing elements, and failed to destabilize the heterologous
reporter mRNAs. Remarkably, the kinetics of p53-induced
gene expression was also dependent on the 3" UTR of the
target gene. We propose that the p53 response has evolved
with primarily short-lived target mRNAs to permit the tight
temporal regulation of the p53 response under appropriate
conditions.

RESULTS

HT29-tsp53 cells as a model of reversible
p53 activity

HT29-tsp53 cells express the V135A variant of murine p53
that is temperature-sensitive for nuclear import (Michalovitz
et al. 1990; Gannon and Lane 1991; Merchant et al. 1996).
Sustained activation of p53 in these cells reportedly leads to
prolonged cell cycle arrest with very little apoptosis (Merchant
et al. 1996; McKay et al. 2000, 2004). To determine how
rapidly the p53 response could be reversed, HT29-tsp53
cells and an isogenic control cell line were subjected to a
variety of temperature shifts, incubated in BrdU for 30 min
immediately prior to collection, and were then subjected to
two parameter flow cytometric analysis to monitor the
effect of p53 on cell cycle distribution following transient
p53 activation. Cell cycle distribution remained unaltered
in control cultures regardless of temperature (Fig. 1A).
HT29-stp53 cells were switched to the permissive tempera-
ture for up to 40 h (Fig. 1B), and a decrease in the propor-
tion of BrdU-positive HT29-tsp53 cells was observed at the
permissive temperature that was consistent with the estab-

lishment of a p53-dependent G, arrest (McKay et al. 2000).
The recovery of a prominent early-S-phase population of
BrdU-positive cells could be detected within 6 h at the
restrictive temperature with the restoration of a typical
asynchronous cell cycle distribution within 24 h (Fig.
1B,C). As expected, this reversible G; arrest was temporally
associated with reversible expression of the cyclin-dependent
kinase inhibitor p21"WA*! (Fig. 1D). The present results
confirm that p53-dependent G, arrest was reversible and
further indicate that these cells represent a powerful and
unique model to study reversal of the p53 response.

p53-induced transcripts are predominantly
short-lived

To monitor the attenuation of the p53 response, HT29-
tsp53 cells were incubated at the permissive temperature for
16 h to induce p53-dependent gene expression, and then
replicate cultures were released at the restrictive tempera-
ture for 6 h to remove active p53. Total RNA was collected
for oligonucleotide microrarray analysis using Affymetrix
HuGene 1.0 ST Arrays. Eighty-four independent transcripts
represented by a total of 552 probe sets were induced under
these conditions (Supplemental Table 1). The fold-change
in expression was determined using all probe sets repre-
senting putative p53-responsive transcripts (all probe sets
corresponding to the relevant cluster identification num-
ber). Transcripts that were induced an average of twofold
or greater were compared with a comprehensive list of p53-
induced transcripts (Riley et al. 2008), and 29 previously
reported direct transcriptional targets of p53 were identi-
fied (Supplemental Table 2).

Remarkably, the expression of 21 of these p53-responsive
transcripts had decreased at least eightfold within 6 h at the
restrictive temperature, indicating that they have half-lives
=2 h (Fig. 2A). Conversely, seven transcripts decreased less
than fourfold during the same period of time (Fig. 2A).
Transcripts were grouped by their apparent stability using
25% residual expression as a cutoff (denoted “stable” and
“unstable” in Fig. 2A). There was no correlation between
the initial fold increase in expression and residual expres-
sion following loss of p53 activity (Fig. 2A). Quantitative
RT-PCR (qRT-PCR) confirmed the reversible pattern of
expression of the p53 targets tested (Fig. 2B). Overall, there
was a strong correlation between residual induction de-
termined by microarray and qRT-PCR (Fig. 2C). Taken
together, the p53-transcriptional response is readily re-
versible in these cells, and this implies that most p53-
regulated transcripts are short-lived.

To better monitor the decay of p53-induced transcripts,
HT29-tsp53 cells were incubated at the permissive temper-
ature to drive p53-dependent gene expression, and then
cells were returned to the restrictive temperature for
various lengths of time to allow the decay of p53-induced
mRNAs. The expression of several p53-regulated transcripts
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FIGURE 1. Reversible cell cycle arrest. HT29 (A) and HT29-tsp53 cells (B) were incubated for 16 h at either 32°C or 38°C, as indicated. Cells
incubated at 32°C were then either returned to 38°C or maintained at 32°C for up to 24 h, as indicated. Thirty minutes before collection, BrdU
was added to the culture medium to label nascent DNA. Cells were then subjected to two parameter flow cytometric analysis. The early S-phase
population in B is indicated by the box. (C) Quantitative analysis of independent experiments like those presented in panel B. Each value
represents the mean (£SEM) determined from three independent experiments. (D) HT29 and HT29-tsp53 cells were incubated for 16 h at 32°C
and were then returned to 38°C for the indicated time in hours (T). Cell lysates were collected for immunoblot analysis. The control sample
(designated C) was collected from cells maintained at the restrictive temperature.

was monitored as a function of time using qRT-PCR. The
expression of all p53-induced transcripts decreased when
cells were returned to the restrictive temperature following
p53 activation (Fig. 3A). The expression of CRYAB and
TP53I3 (also known as PIG3) decreased by ~50% in 4-6 h
(Fig. 3A), indicating that the half-lives of these two p53-
induced transcripts are close to the median half-life de-
termined in previous genomewide estimates of mRNA decay
(Yang et al. 2003; Friedel et al. 2009; Sharova et al. 2009).
Meanwhile, the four apparently unstable transcripts tested
(CDKNIA, MDM2, FAS, and DDB2) exhibited half-lives of
2 h or less (Fig. 3) and are thus considered to be short-lived
(Yang et al. 2003). Therefore, these groups of transcripts
have distinct kinetics of mRNA decay.

2224 RNA, Vol. 17, No. 12

Although all of these p53-induced transcripts are known
targets of p53, it was of interest to determine whether these
groups comprised different functional classes of transcripts.
Therefore, Gene Ontology analysis was performed using
GoStat software available online at http://gostat.wehi.edu.au/
(Beissbarth and Speed 2004). Consistent with the p53 re-
sponse (Riley et al. 2008), statistically over-represented terms
in the list of 29 p53-regulated transcripts included “DNA
repair” (GO:0006281), “response to DNA damage stimulus”
(GO:0006974), “induction of apoptosis” (GO:0006917), and
“negative regulation of cell proliferation” (GO:0008285)
(Table 1). These terms were statistically over-represented
among the unstable (P = 1.1 X 108 P=18xX10% pP=
4.0 X 1072, and p=27X 1074 respectively), but not the
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FIGURE 2. Reversible regulation of p53-induced genes. (A) HT29-tsp53 cells were incubated for 16 h at the permissive temperature (32°C) to
increase the expression of p53-responsive transcripts. Cells were then returned for 6 h to the restrictive temperature (38°C) to monitor the
attenuation of the p53 response. Unstable transcripts were expected to decrease rapidly, whereas stable mRNAs were expected to remain elevated at
the restrictive temperature. Total RNA was collected and subjected to oligonucleotide microarray analysis. Twenty-nine known p53-induced
transcripts were significantly induced following 16 h at 32°C. Seven transcripts retained at least 25% of their induced level, while the other 22
retained <25% of their induced levels (indicated stable and unstable, respectively). (B) HT29-tsp53 cells were treated as described in panel A. Two of
the stable and seven of the unstable transcripts were selected for further study using qRT-PCR. Each value in panels A and B represents the mean
(£SEM) response of the indicated transcript determined from a minimum of three independent experiments. (C) Residual expression determined by
quantitative RT-PCR is plotted relative to residual expression determined by microarray for the nine transcripts presented in panel B.

stable group of transcripts. “Cell development” was the by the transcriptional induction of primarily short-lived

only GO term statistically over-represented among stable  transcripts.

p53 targets (GO:000048468, P = 0.03), and this term is not Intriguingly, the reversible expression of some but not all
typically associated with p53 (Riley et al. 2008). Taken  p53-regulated proteins was consistent with rapid mRNA
together, the well-characterized p53 response is elicited decay. For example, the p21WAF1, Mdm?2, Fas, and Ddb2
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FIGURE 3. The decay of p53-regulated transcripts. (A) HT29-tsp53 cells were incubated at the permissive temperature for 16 h and then
switched to the restrictive temperature for between 0 and 6 h. RNA was collected at 2-h intervals and analyzed by gqRT-PCR to monitor the decay
of p53-induced transcripts. Each value represents the mean (£SEM) determined from a minimum of three independent experiments. (B) HT29-
tsp53 cells were incubated at the permissive temperature for 16 h and then switched to the restrictive temperature for between 0 and 8 h in the
presence or absence of cycloheximide (CHX). Protein was collected at 2-h intervals and subjected to immunoblot analysis for the indicated
proteins. The control sample (C) was collected from cells maintained at the restrictive temperature.

proteins were strongly induced at the permissive temper-
ature as expected (Fig. 3B). Returning cells to the restrictive
temperature led to a rapid decrease in the expression of
p21"WAF! and Mdm2, consistent with the rapid decay of
their transcripts. In contrast, the expression of Ddb2 and
Fas protein remained high at the restrictive temperature.
When cells were returned to the restrictive temperature in
the presence of the translation inhibitor cycloheximide,
p21"WAF1 and Mdm2 levels decrease even more rapidly
while Fas and Ddb2 levels remained elevated (Fig. 3B).
These results indicate that p21"*" and Mdm2 are unstable
proteins, while Ddb2 and Fas are stable under the present
conditions. The discordance between protein and mRNA
expression raises the intriguing possibility that reversible
mRNA expression may not have evolved exclusively to
permit reversible protein expression.

3’ UTRs target p53-responsive transcripts for rapid
mRNA decay

It is well-established that 3" UTRs are critical determinants
of mRNA stability and decay (Grillo et al. 2010). To
determine if the 3" UTRs of p53-induced transcripts affect
mRNA decay, heterologous reporter mRNA constructs
were generated. The 3" UTRs of DDB2, GDF15, TP5313,
and CRYAB are 363 nt, 182 nt, 144 nt, and 138 nt,
respectively, and they represent the 3’ UTRs of unstable

2226  RNA, Vol. 17, No. 12

(DDB2 and GDFI15) and stable (TP53I3 and CRYAB)
mRNAs. These four 3" UTRs were cloned downstream from
a tetracycline-regulated d2EGFP reporter cDNA, and the
resulting plasmids were transfected into HeLa Tet-Off cells.
Addition of doxycycline to vector control transfected cells
(expressing d2EGFP without a heterologous 3’ UTR) led to
a reduction in d2EGFP expression with ~50% of the A2EGFP
mRNA remaining 6 h after doxycycline was added (Fig. 4A).
The 3" UTRs of DDB2 and GDFI5 led to accelerated loss of
d2EGFP expression, while the 3’ UTRs derived of CRYAB and
TP5313 did not significantly affect mRNA decay (Fig. 4A).
Similarly, the mean half-lives determined for these reporter
transcripts were not equal (P = 0.002 by One-Way ANOVA).
The difference could be attributed to decreased half-lives of
constructs containing the 3" UTRs of DDB2 and GDF15 (P =
0.05 and P = 0.01, respectively, by the Tukey Multiple
Comparisons Test). Thus, the 3' UTRs of these unstable
p53-induced transcripts are capable of destabilizing a heterol-
ogous mRNA, suggesting that cis-acting elements in their 3’
UTRs regulate the decay of p53-responsive transcripts.

The 3’ UTRs of p53-induced transcripts tend to be
uridine-rich

Genomewide analysis of mRNA turnover has identified
several structural features that affect the stability of
mRNAs. This includes the number of exon junctions per
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TABLE 1. Gene Ontology terms over-represented among

p53-regulated transcripts

All Unstable Stable
GO term? (n=29) (n=22) (n=7)
GO:0006281: DNA repair  BTG2 BTG2
RRM2B RRM2B
POLH POLH
DDB2 DDB2
GADD45A  GADDA45A
XPC XPC
GO:0006974: response to  BTG2 BTG2
DNA damage stimulus ~ RRM2B RRM2B
CDKNTA CDKNTA
POLH POLH
ZMAT3 ZMAT3
DDB2 DDB2
GADD45A  GADDA45A
SESNT SESNT
XPC XPC
GO:0003684: damaged POLH POLH
DNA binding DDB2 DDB2
XPC XPC
GO:0006917: induction CDKNTA CDKNTA TP5313
of apoptosis TP5313
TNFSF10 TNFSF10
FAS FAS
GO:0016567: protein DDB2 DDB2
ubiquitination FBXW7 FBXW7
MDM2 MDM2
GO:0008285: -ve BTG2 BTG2
regulation of cell CDKN1A CDKN1A
proliferation SESNT SESNT
MDM2 MDM2
GO0:0048468: cell CDKNTA CDKNTA SEMA3B
development TNFSF10 TNFSF10
SEMA3B
BTG2 BTG2
CRYAB CRYAB
TP5313 TP5313
ZMAT3 ZMAT3
FAS FAS
GADD45A  GADD45A
DDIT4 DDIT4

“Gene Ontology analysis was performed using GOStat software
hosted at http:/gostat.wehi.edu.au/. Gene Ontology terms and
transcript names are provided.

open reading frame (ORF) and a variety cis-acting de-
terminants typically located in 3’ UTRs (Barreau et al.
2005; Sharova et al. 2009; Lee et al. 2010). Structural
features of all 29 p53-induced transcripts were examined
in more detail. We found no significant difference in the
number of exons, the mean length of loci, the mean length
of 5" UTRs, or the size of open-reading frames (ORFs)
between the stable and unstable groups of transcripts.
However, the stable mRNAs were significantly shorter on
average than those from the unstable group, and this was
attributed to significantly shorter 3' UTRs than expected
based on genomewide estimates (Table 2; Mignone et al.
2002; Grillo et al. 2010). Sequence comparison indicated

that the 3' UTRs of the longer unstable transcripts had
significantly higher uridine content (30%) at the expense of
cytosine (20%), and this was not observed among the shorter,
more stable p53-regulated transcripts (Table 3). With this
sequence disequilibrium, there was a tendency for the unstable
3" UTRs to be AU-rich and GU-rich, but this only reached
significance for GU-rich sequences. Surprisingly, the presence
of consensus AU-rich elements (AREs) and GU-rich elements
(GREs) (Barreau et al. 2005; Vlasova et al. 2008; Lee et al.
2010; Rattenbacher et al. 2010) did not clearly distinguish
stable and unstable groups of transcripts (Table 4). Therefore,
the instability of p53-regulated transcripts was not easily
predicted from the presence or absence of these well-charac-
terized destabilizing elements.

Recently, a systems biology approach was used to identify
short sequences that are over-represented in highly unstable
transcripts (Lee et al. 2010). The most significantly over-
represented hexamers were poly(U) sequences, followed by
GU-rich and then AU-rich sequences, but most of these did
not precisely match published consensus ARE and GRE
sequences (Barreau et al. 2005; Lee et al. 2010; Rattenbacher
et al. 2010). We found that these U-, AU-, and GU-rich
sequences were significantly enriched in the 3’ UTRs of the
unstable p53-regulated mRNAs compared with the more
stable 3" UTRs (Fig. 4B). Furthermore, the total number of
these hexameric sequences was significantly elevated even
when the number of elements was normalized to the length
of the 3 UTRs (Fig. 4B). Taken together, most p53-
regulated transcripts decayed rapidly following transient
activation of p53, representative 3’ UTRs from these un-
stable transcripts conferred accelerated decay in a heterolo-
gous reporter system, and that is consistent with a high
density of AU- and GU-rich sequences.

Time course for p53-induced gene expression

Recent evidence suggests that mRNA stability affects the
kinetics of gene induction (Lam et al. 2001; Elkon et al.
2010). Therefore, RNA was collected following incubation
for various times at the permissive temperature, and the
expression of eight unstable and two stable p53-responsive
transcripts was assessed by qRT-PCR. A significant increase in
the expression of all p53-responsive transcripts was detected
(Fig. 5A). There was an initial lag in the induction of all 10
transcripts tested, but this was greater for the two stable
transcripts. Fold increase in expression was heterogeneous,
and the duration of this increase in expression varied
considerably as well (Fig. 5A). With the heterogeneity in
expression levels, it was difficult to interpret the rate of
mRNA accumulation. As an alternative way to visualize the
induction of transcripts over defined periods of time,
expression data were normalized to 6 h (Fig. 5B) and
24 h (Fig. 5D). There was a small but statistically significant
(P =0.01, Two-Way ANOVA) delay in the expression of
the stable transcripts relative to the unstable mRNAs
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FIGURE 4. Heterologous reporter constructs. (A) The pTRE-d2EGFP and a series of derivative pTRE-d2EGFP-3'UTR reporter plasmids were
transfected into HeLa Tet-Off cells. Twenty-four hours following transfection, doxycycline was added to block transcription of the reporter
mRNAs. Residual d2EGFP transcript levels were monitored as a function of time using qQRT-PCR. Each point represents the mean (=SEM)
determined from three independent experiments. The mean half-lives of the heterologous transcripts were 5.6 = 0.5, 2.0 £ 0.9, 1.5 = 0.3, 4.8 =
0.7, and 5.5 * 0.8 for control, DDB2, GDF15, TP5313, and CRYAB, respectively. (B) Sequence analysis of 3" UTRs led to the identification of
known destabilizing elements. The mean number of U-, AU-, and GU-rich other miscellaneous elements (see Supplemental Table 4) per 3' UTR
is presented for the seven stable and the 22 unstable p53-induced transcripts. The mean number of these elements per 3’ UTR and the mean
number of elements per kilobase of 3" UTR is presented. Each point represents the mean (=SEM) determined for seven stable and 22 unstable

transcripts. The indicated P-values were determined by a Student’s t-test.

(Fig. 5A—C). More striking, the expression of the unstable
transcripts reached a plateau by 4-6 h, while the expression
of stable transcripts continued to increase (Fig. 5A,D).
There was a statistically significant difference (P = 0.007,
Two-Way ANOVA) in the mean response of stable and
unstable transcripts (Fig. 5E). The present data suggest that
unstable transcripts reach equilibrium between synthesis
and decay, while the stable mRNAs continued to increase
with sustained p53 activity.

DISCUSSION

The 3’ UTRs of p53-induced transcripts

Using a temperature-sensitive variant of p53 that permits
the rapid and reversible control of p53 activity (Merchant
et al. 1996), we were able to monitor the decay of p53-
induced transcripts following transient
P53 activation. Remarkably, the expres-
sion of most p53-induced transcripts
returned to baseline levels within 2—6 h

transient p53 activation. Conversely, the 3’ UTRs of CRYAB
and TP53I3 (stable transcripts) had very little effect on the
decay of their respective heterologous reporter mRNAs.
Therefore, the 3’ UTRs of p53-induced transcripts appear
to target their mRNAs for rapid decay.

It is well-established that 3" UTRs are critical determi-
nants of mRNA stability and decay (Grillo et al. 2010).
Based on sequences compiled in the UTR database (http://
utrdb.ba.itb.cnr.it/), the length of human 3" UTRs ranges
from ~20 to >8500 bases with an average length of 1030 nt
(Mignone et al. 2002; Grillo et al. 2010). Here, the stable
mRNAs were significantly shorter than the unstable tran-
scripts, and this was attributed to the presence of short 3’
UTRs (median lengths of 312 nt and 1317 nt for stable and
unstable transcripts, respectively). The 3’ UTRs of the
stable p53-regulated mRNAs were shorter than the average
length of human 3" UTRs (P = 0.0089), while unstable

TABLE 2. Comparison of structural features of p53-induced transcripts

with apparent half-lives of 2 h or less. Stable (n = 7)? Unstable (n = 22)*
Therefore, mos.t p53-1nducec.1 transcrlpt? Mean® mean b Mean 2™ Comparison
should be considered short-lived. The 3
UTRs from representative members of ~ Feature (Log, nt) (nt) (Loga Nt (nt) P-Value®
the stable and unstable groups of p53-  |ocus 13.16 = 0.51 9143 1433 = 035 20570  0.10
induced transcripts were cloned down-  Number of exons ~ 2.92 = 036  7.55 2.71 = 0.18  6.54 0.58
stream from a dZEGFP CDNA to create mRNA 10.78 = 0.33 1756 11.58 = 0.18 3068 0.04*
heterologous reporter mRNAs under 5" UTR 7.72 = 0.69 210 7.30 * 0.28 157 0.51

trol of a tetracvcline-repressible pro- ORF 9.95 £ 0.42 992 10.07 = 0.16 1077 0.75
controt o ! p p 3" UTR 8.38 = 0.47 333 10.48 = 0.30 1426  0.0002**

moter. In this model system, the pres-
ence of the 3’ UTRs of DDB2 and
GDF15 (unstable transcripts) resulted
in accelerated mRNA decay, and the rate
of decay was remarkably similar to that

of the endogenous mRNA following respectively.
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The transcripts categorized as stable or unstable in Figure 2A.
b i +

The mean size of each gene was log,-transformed, and the mean = standard error of the log,-
transformed values is presented. The corresponding linear value 2™*") is also provided for clarity.
“Statistical comparison of means described in footnote b was performed using a Student’s t-test.
Statistically significant differences (P = 0.05 and P = 0.001) are indicated with * and **,
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TABLE 3. Nucleotide bias in the 3’-untranslated regions of unstable p53-regulated mRNAs

short-lived proteins like p21"V*™ and

Mdm?2 is important to the p53 response

Compared to in a variety of ways.

Percent® expected®
Compare
Nucleotid table (n =7 table (n = 22 e tabl tabl . .
ucleotide(s) Stable (n ) Unstable (n ) groups Stable Unstable p21WAF1 expression and reversible

G 244 £ 33 21.8 = 0.9 0.29 0.39 0.02* G1 arrest
A 271 = 2.3 27.7 = 1.1 0.80 0.86 0.0017*
U 247 + 3.8 30.4 + 0.8 0.03* 045  <0.0001*  HT29-tsp53 cells underwent a prolonged
C 23.8 = 1.4 20.0 = 0.9 0.04* 0.94  <0.0001* Gy cell cycle arrest with very little apo-
A+U 51.8 = 4.5 58.1 £ 1.6 0.11 070 <0.0001*  ptosis when these cells were maintained at
G+U 49.1 = 1.5 52.3 £ 0.5 0.02* 0.58 0.0004* P

the permissive temperature (McKay et al.
A+G+U 76.2 £ 1.4 80.0 £ 0.8 0.04* 0.45 <0.0001* p P ( Y

2000, 2004). Remarkably, S-phase entry

“The prevalence of the indicated nucleotide or group of nucleotides within the 3" UTRs of
stable and unstable transcripts is expressed as a mean * standard error.

PStatistical comparison of means was determined using a Student’s t-test. The P-values are
presented, and statistically significant differences (P = 0.05) are indicated with *.
“Statistical comparison between means and the expected nucleotide composition (25%,
50%, or 75% for one, two, or three nucleotides, respectively) was performed using a one-
sample ttest. The P-values are presented, and statistically significant differences (P = 0.05)

are indicated with *.

transcripts were not. Recent evidence links the length of 3’
UTRs to accelerated decay through the nonsense-mediated
decay pathway (NMD) (Hogg and Goff 2010; Nicholson
et al. 2010). While NMD is generally considered a quality-
control measure that eliminates transcripts with premature
termination codons, between 1% and 10% of mRNAs may
be subject to regulation by NMD machinery, independent
of premature termination codons (Mendell et al. 2004;
Rehwinkel et al. 2005, 2006). Other targets of NMD
include mRNAs with introns downstream from termina-
tion codons, transcripts with upstream ORFs, and tran-
scripts with long 3" UTRs (Muhlrad and Parker 1999;
Rebbapragada and Lykke-Andersen 2009; Hogg and Goff
2010; Hogg 2011). It is possible that some of the longer 3’
UTRs of p53-regulated transcripts are targeted for degra-
dation through NMD.

A variety of cis-acting determinants of mRNA decay have
been described, including AREs and GREs (Yang et al. 2003;
Barreau et al. 2005; Bakheet et al. 2006; Vlasova et al. 2008;
Sharova et al. 2009; Lee et al. 2010; Rattenbacher et al. 2010).
Sequence comparison of the 29 3’ UTRs identified through
our microarray analysis indicated that unstable UTRs con-
tained more uridine residues than expected, while cytosine was
statistically under-represented (30% uridine and 20% cyto-
sine). The 3" UTRs of stable transcripts exhibited no such se-
quence disequilibrium (25% uridine and 24% cytosine).
Therefore, there is a clear statistical bias in the sequence com-
position of the 3" UTRs of the unstable p53-regulated mRNAs.
These unstable U-rich 3" UTRs contain a significantly higher
density of U-, AU-, and GU-rich sequences that are thought to
be associated with accelerated mRNA decay (Yang et al. 2003;
Hau et al. 2007; Sharova et al. 2009; Lee et al. 2010). Taken
together, most p53-induced transcripts contain 3’ UTRs with
sequences predictive of their short half-lives. We suggest that
the transcriptional induction of short-lived mRNAs encoding

could be detected here within 6 h follow-
ing the return to the restrictive tempera-
ture. The p53-dependent G, arrest is
mediated largely through the transcrip-
tional induction of the cyclin-dependent
kinase inhibitor p21"VA*! (el-Deiry et al.
1993, 1994). In our experiments, the half-
life of the CDKNIA transcript, encoding
p21"VAF! was <1 h following transient activation of the p53
response. This estimate is consistent with previous measure-
ments obtained under other experimental conditions
(Gorospe et al. 1998; Wang et al. 2000). Remarkably, the
expression of p21"VA™! protein decreased significantly within
2 h and had returned to basal levels within 4-6 h at the
restrictive temperature (Figs. 1D, 3B). Therefore, the timing
of cell cycle reentry coincided temporally with reversible
p21WAF! expression. The reversible expression of p21WAF! is
likely the consequence of the short half-life of the CDKNIA
mRNA coupled with proteasome-mediated degradation of
the p21"VA™! protein (Blagosklonny et al. 1996). We propose
that the rapid decay of the CDKNIA mRNA is absolutely
required for reversible p53-dependent G, arrest.

Role for mRNA decay in the oscillatory behavior
of the p53-Mdm2 feedback loop

Under normal conditions, p53 expression and its ability to
transactivate target genes are inhibited largely through its
interaction with the E3 ubiquitin ligase, Mdm?2, itself a p53-
regulated protein (Momand et al. 1992; Honda et al. 1997).
Recent single-cell analysis of the p53 response has indicated
that activation of p53 leads to repeated oscillatory cycles of
p53-dependent induction of Mdm?2 followed by proteasome-
mediated degradation of p53 (Geva-Zatorsky et al. 2006;
Lahav 2008; Proctor and Gray 2008; Batchelor et al. 2009;
Zhang et al. 2009). Importantly, oscillatory circuits cannot
function with long-lived components. Here we show that the
half-life of the MDM2 mRNA was <1 h following transient
activation of the p53 response, and the corresponding
protein returned to baseline levels within 4 h at the restrictive
temperature (Fig. 3B). We propose that the extremely short
half-life of the MDM?2 transcript is integral to the oscillatory
behavior of p53. Importantly, the number of p53 oscillations
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TABLE 4. The presence of AU- and GU-rich elements in
p53-induced transcripts

Elements in 37 UTRs?

Symbolb ARE; € ARE, ARE; ARE, GRE

ACTA2%¢

CES2 )
CRYAB
FDXR
RPS27L
SEMA3B
TP5313

OO0 00O

(OX©)
(ON©)
@)

ATF3
BTG2
CI120RF5
CDKNTA
DDB2
DDIT4
FAS
FBXW7
GADDA45A
GDF15
MDM?2
PLK3
POLH
PRDM1
PRKAB1
RRM2B
SERPINB5
SERPINET
SESN1T
TNFSF10
XPC
ZMAT3

OO0OO0OO
(ON©)

O0OO0OO0OO0OO0OO0OOOOOOOOOO
O 00O O OO0 OO0
OC0OO0OO0OO0OO0OO0OOOO O 0OOOO 0000

O

The sequence of each 3’ UTR is compiled in Supplemental Table 3.
bSymbols are from http://www.ncbi.nlm.nih.gov/sites/entrez2db=gene.
“(O) The presence of consensus AREs and GREs in the indicated 3’
UTR. The following sequences were used to identify these elements:
(ARE;) AUUUA; (ARE;) WWAUUUAWW; (ARE;) WWWUAUUU
AUWWW; (ARE,) 12 or more consecutive W’s with no more than
one mismatch; (GRE) UGUKUGUKUGU. (W) Either A or U; (K) either
G or U.

9The number of these elements in each 3’ UTR is provided in
Supplemental Table 4.

®Transcripts are grouped by stability as indicated in Figure 2A with the
seven stable MRNAs above and the 22 unstable mRNAs below.

following the activation of p53 by DNA double-strand breaks
is proportional to the extent of DNA damage, and sustained
p53-Mdm?2 oscillations are thought to contribute to the
decision to undergo apoptosis in response to p53 activation
(Lahav 2004, 2008; Geva-Zatorsky et al. 2006; Proctor and
Gray 2008; Batchelor et al. 2009; Zhang et al. 2009).
Therefore, the short half-lives of MDM2 mRNA and protein
are likely integral to p53-dependent cell fate decisions.

The induction of short-lived RNAs
Several groups have assessed mRNA decay on a genomewide

scale using oligonucleotide microarrays (Raghavan and
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Bohjanen 2004; Mata et al. 2005; Sharova et al. 2009). Gene
Ontology analysis of these data sets indicates that specific
functional classes of transcripts are far more likely to be
subject to negative regulation by mRNA decay (Lam et al.
2001; Yang et al. 2003; Raghavan and Bohjanen 2004; Mata
et al. 2005; Sharova et al. 2009). Salient to the p53
response, regulators of apoptosis and cell cycle are over-
represented among short-lived transcripts, while transcripts
encoding metabolic enzymes and structural proteins tend
to have longer half-lives (Yang et al. 2003; Raghavan and
Bohjanen 2004; Mata et al. 2005; Sharova et al. 2009). It is
intuitively obvious that spurious activation of apoptosis or
cell cycle checkpoints could pose a challenge for development
and cell survival, so mRNA decay could play a protective role
by limiting the expression of these classes of transcripts. The
rapid turnover of some p53-responsive mRNAs is consistent
with this concept; however, it is more difficult to reconcile
the evolutionary advantage of targeting transcripts encoding
other classes of p53 targets such as DNA repair proteins. In
fact, the most highly over-represented GO terms among the
unstable p53-induced transcripts were “response to DNA
damage stimulus” and “DNA repair,” while none of the
stable transcripts encode proteins associated with these terms
(Table 1). There is no obvious survival advantage conferred by
limiting the p53-dependent expression of DNA repair genes. It
is noteworthy that some p53-induced proteins (i.e., DDB2 and
FAS) appear to be stable, giving rise to prolonged induction of
the proteins despite depletion of the mRNA. These issues raise
the possibility that mRNA decay is not simply required to
shut off the p53-dependent transcriptional response.

There is accumulating evidence that mRNA stability
affects the kinetics of gene induction (Lam et al. 2001; Elkon
et al. 2010). For example, 30% of ionomycin- and lipopoly-
saccharide-induced transcripts have half-lives of 2 h or less
(Lam et al. 2001). Furthermore, transcripts induced within
the first 2 h following exposure to bacterial lipopolysaccha-
ride, tumor necrosis factor, and y-interferon were short-lived
compared with transcripts induced at later times (Elkon et al.
2010). Here, we found a striking bias toward short-lived
transcripts among 29 p53-induced mRNAs with >70% of
these p53-responsive mRNAs exhibiting half-lives of 2 h or
less. In time-course experiments, we noted a small yet
statistically significant difference in the kinetics of induction
such that short-lived targets were induced slightly faster than
the longer-lived mRNAs. So our data are consistent with the
emerging concept that unstable mRNAs are poised for rapid
transcriptional regulation (Elkon et al. 2010).

More striking than this small difference was the fact that
the expression of unstable targets reached a plateau within
4-6 h, while the expression of stable transcripts continued
to increase. It appears that the unstable p53-responsive
mRNAs reach equilibrium between production and decay.
Intriguingly, the expression of several unstable transcripts,
including MDM?2 and FAS, decreased between 6 and 24 h at
the permissive temperature. It is conceivable that p53
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FIGURE 5. p53-induced gene expression. (A) HT29-tsp53 cells were incubated at the permissive temperature for the indicated time (between
0 and 24 h), and RNA was collected for qRT-PCR to monitor the induction of 10 separate p53-induced transcripts (CRYAB, TP5313, BTG2,
CDKNIA, DDB2, FAS, GDF15, MDM2, SERPINB5, and XPC). Expression of the indicated representative mRNA is expressed as fold-change
compared with samples maintained at the restrictive temperature. (B) Data in A were normalized to the expression level determined following 6 h
at the permissive temperature. (C) The mean response of two stable and eight unstable p53-induced transcripts, as normalized in B. (D) Data in A
were normalized to the expression level determined following 24 h at the permissive temperature. (E) The mean response of two stable and eight

unstable p53-induced transcripts, as normalized in D. Each value in A,

three independent experiments.

increases the expression of RNA binding proteins or
microRNAs that accelerate decay of specific p53-responsive
transcripts. We also recognize that p53-induced transcripts
may be subject to post-transcription stabilization under
specific conditions. It will be important to determine to
what extent the decay of specific p53-regulated transcripts
is regulated under relevant conditions.

SUMMARY

This study indicates that the p53 response is dominated by
the induction of short-lived transcripts. This engenders the

B, and D represents the mean (*SEM) determined from a minimum of

p53 response with several important features. First, the
rapid turnover of p53-responsive transcripts protects cells
from the spurious p53 activation because sustained activa-
tion of p53 is incompatible with life (Jones et al. 1995;
Montes de Oca Luna et al. 1995). Second, the rapid
turnover of p53-regulated mRNAs permits reversal of the
p53 response following transient activation of p53. Third,
the rapid synthesis of unstable mRNAs likely affords the
opportunity for post-transcriptional regulation under spe-
cific conditions, providing plasticity to the p53 transcrip-
tional response. These novel concepts have broad implica-
tions for the tumor suppressor activity of p53.
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MATERIALS AND METHODS

Cell culture

All cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS; Thermo
Fisher Scientific) in a humidified atmosphere with 5% CO,. HT29
cells are human colon cancer cells homozygous for an arginine-to-
histine mutation at position 273 (R273H) of p53 that renders it
transcriptionally inactive (Rodrigues et al. 1990). HT29-tsp53 cells
were derived from this parental line following transfection of cDNA
encoding a temperature-sensitive variant of murine p53 that has a
substitution of valine-to-alanine at position 135 (V135A) (Merchant
et al. 1996). At the restrictive temperature (38°C), this variant of
p53 is in a mutant conformation and remains cytoplasmic
(Michalovitz et al. 1990; Gannon and Lane 1991; McKay et al.
2000, 2004). At the permissive temperature (32°C), p53 rapidly
switches to wild-type conformation and localizes to the nucleus,
where it acts as a transcriptional activator (Michalovitz et al. 1990;
Gannon and Lane 1991; McKay et al. 2000, 2004). Where indicated,
these cells were incubated for 16 h at the permissive temperature
(32°C) to strongly induce functional p53 and were then returned to
the restrictive temperature for the indicated time to allow cells to
recover from p53 activation. HeLa Tet-Off cells were purchased
from Clontech Laboratories.

Flow cytometry

The incorporation of 5-bromo-2'-deoxyuridine (BrdU) was used
to identify actively replicating S-phase cells by two parameter flow
cytometry. BrdU (30 wM; Sigma-Aldrich Canada Ltd.) was added
to cultures 30 min before cell collection to label nascent DNA.
Labeled cells were collected and fixed at —20°C in 70% ethanol
for a minimum of 1 h. Detection of BrdU incorporation in single-
stranded DNA using a primary anti-BrdU antibody (1:100; Phar-
Mingen) and secondary anti-mouse FITC-conjugated antibody (1:15;
Sigma-Aldrich Canada Ltd.) was performed, as described previously
(Stubbert et al. 2007). Propidium iodide (30 wM in PBS) was added,
and then samples were analyzed by fluorescence-activated cell sorting
using a Beckman Coulter FACS station and FCS Express 3 software
(DeNovo Software).

Microarray analysis

HT29-tsp53 cells were switched from the restrictive temperature
(38°C) to the permissive temperature (32°C) for 16 h, and they were
then returned for 6 h to 38°C. Samples were collected following p53
activation or following attenuation of the p53 response (t=0or 6 h
at restrictive temperature, respectively) and compared with a control
sample maintained at the restrictive temperature. Total RNA was
isolated using the RNeasy RNA isolation kit (QIAGEN) according to
the manufacturer’s specifications and submitted for analysis at the
Ottawa Genomics Innovation Center Affymetrix Gene-Chip Facility
(Ottawa, ON) using the Human Gene 1.0 ST oligonucleotide arrays
(Affymetrix). Probe sets in these arrays represent individual exons,
while cluster identification numbers represent loci, which, in turn,
are made up of multiple exons and are thus represented by multiple
probe sets. FlexArray 1.4.1 software with the Affymetrix Power Tools
software package was used for statistical comparison of probe sets
using an empirical Bayesian algorithm (Wright and Simon 2003).

2232 RNA, Vol. 17, No. 12

A threshold of P = 0.001 was used to identify differentially
expressed probe sets. The fold-change in expression of each mRNA
was determined using expression data for all linked probe sets
represented by the relevant cluster identification number. The residual
expression of all of these statistically induced transcripts was similarly
determined 6 h following return to 38°C. The term “residual
induction” refers to the fold increase in expression of p53-induced
transcripts after being retuned to the restrictive temperature for 6 h,
expressed as a percentage of the fold increase observed at 0 h, as
defined above. A value of 0% indicates that the expression of the
indicated transcript had returned to the baseline level within 6 h at
38°C, while 100% indicates that there was no measurable decrease
in expression within 6 h.

Quantitative reverse transcriptase polymerase
chain reaction

Cells were trypsinized, harvested, and washed with PBS. Total RNA
was isolated using the RNeasy RNA isolation kit (QIAGEN) accord-
ing to the manufacturer’s specifications. Five micrograms of total
RNA was reverse-transcribed by using the first-strand cDNA synthesis
kit (MBI Fermentas). Quantitative reverse transcriptase polymerase
chain reaction (qQRT-PCR) was performed using the Sybr green
fluorescent DNA stain (Invitrogen) and the LightCycler 2 quanti-
tative PCR machine with Light-Cycler software version 3 (Roche
Diagnostics).

The following primers were used to measure the relative ex-
pression of DDB2 (CCACCTTCATCAAAGGGATTGG and CTCG
GATCTCGCTCTTCTGGTC), CDKNIA (CTCAAATCGTCCAGC
GACCTT and CATTGTGGGAGGAGCTGTGAA), FAS (CCCAG
AATACCAAGTGCAGATG and TCCTTTCTGTGCTTTCTGCATQG),
MDM2 (AGGTGATTGGTTGGATCAGG and GAAGCCAATTCT
CACGAAGG), TP5313 (TCTCTATGGTCTGATGGG and TTGCC
TATGTTCTTGTTG), BTG2 (GTGAGCGAGCAGAGGCTTAAGG
and TGCGGTAGGACACCTCATAGGG), SERPINB2 (CITTTC
TGTGGATGCCGATT and CCTGCCAGGGCTTAACATAA), CRY
AB (AGCCGCCTCTTTGACCAGTTCTT and GCGGTGACAGCAG
GCTTCTCTTC), and XPC (AAGTTCACTCGCCTCGGTTGC and
TTCTTTCCTGATTTTAGCCTTTTT). Expression of each transcript
was normalized to the expression of ACTB (GGGCATGGGTCA
GAAGGAT and GTGGCCATCTCTTGCTCGA) and/or GAPDH (AA
CAGCGACACCCACTTCTC and GGAGGGGAGATTCAGTGTGG).

Reporter constructs with heterologous 3’ UTRs

HT29-tsp53 cells were incubated at the permissive temperature for
16 h to induce p53 target genes, then RNA was collected and
reverse-transcribed to generate cDNA, as described above. Specific
primers containing either EcoRI or Xbal linker sequences were
used to PCR-amplify the 3" UTRs of DDB2 (GATCGGAATTCG
AGACACTAAAGAAGGTGTG and AAGCATCTAGACATATCAA
AAGAGCACAAATC), GDF15 (GATCGGAATTCGCAGTCCTGGT
CCTITCCAC and AAGCATCTAGAAGACCAGCCCCCGAGTCC),
TP5313 (GATCGGAATTCAGGAGGATGGGGCAGGACA and AAG
CATCTAGACCAGTTCACTCTTTATTTC), and CRYAB (GATCGG
AATTCCCCCACCAGTGAATGAAAGTCTTGT and AAGCATCTA
GAAGCTTGATAATTTGGGCCTGCCCT) using a GeneAmp PCR
system 9700 (Applied Biosystems). The PCR products were cloned
directly into a pCR2.1 TOPO vector (Invitrogen Canada). Individual
3" UTRs of 363 nt, 182 nt, 144 nt, and 76 nt corresponding to the 3’
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UTRs of DDB2, GDF15, TP53I3, and CRYAB, respectively, were
then subcloned into the pTRE-d2EGFP reporter plasmid (Clontech
Laboratories) using EcoRI and Xbal restriction sites. The identity of
all constructs was confirmed by sequencing. The resulting plasmids
were transiently transfected into HeLa Tet-Off cells (Clontech
Laboratories), and the expression of the 22EGFP mRNA was deter-
mined by quantitative RT-PCR using the following primers: CGA
CGGCAACTACAAGACC and CCATCATCCTGCTCCTCCAC.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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