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Introduction

The tumor suppressor p53 is a DNA sequence-specific transcrip-
tion factor and a stress sensor.1 Upon various stresses, such as 
DNA damage, oxidative stress and oncogene overexpression, p53 
is stabilized, binds to chromatin and activates or represses numer-
ous downstream genes that elicit many cellular outcomes, such 
as cell cycle arrest, apoptosis, DNA repair, senescence and stem 
cell differentiation.1-4 Cell cycle arrest and apoptosis are two of 
the major p53-regulated processes in response to DNA damage 
stress. The current view is that DNA damage initially activates a 
p53-mediated cell cycle arrest program, which allows cells more 
time to repair their damaged DNA and avoid mitotic catastro-
phe. Once repair is finished, the cells re-enter the cell cycle.1,3,5 
Therefore, reversible cell cycle arrest is considered to be pro-
survival.5-7 p53 targets, Cdkn1a and 14-3-3s, are involved in cell 
cycle arrest and potent anti-apoptosis genes.8 Persistent or irrepa-
rable DNA damage, however, eventually invokes a p53-mediated 
apoptotic program that removes the cells from the population.6 
Understanding the balance between cell cycle arrest/survival 
and apoptosis mediated by p53 is of great interest for developing 
therapeutic strategies to increase the effectiveness of cancer cell 
killing.

The tumor suppressor p53 is a critical regulator of apoptosis and cell cycle arrest/pro-survival. Upon DNA damage, p53 
evokes both cell cycle arrest/pro-survival and apoptosis transcriptional programs. The ultimate cellular outcome depends 
on the balance of these two programs. However, the p53 downstream targets that mediate this cell fate decision remain 
to be identified. Using an integrative genomic approach, we identify Rap2b as a conserved p53-activated gene that 
counters p53-mediated apoptosis after DNA damage. Upon DNA damage, p53 directly binds to the promoter of Rap2b 
and activates its transcription. The reduction of Rap2b levels by small interference RNA sensitizes cells to DNA damage-
induced apoptosis in a p53-dependent manner. Consistent with its pro-survival function, analysis of cancer genomic 
data reveals that Rap2b is overexpressed in many types of tumors. Anchorage-independent growth assays show that 
Rap2b has only weak transformation activity, suggesting that it is not an oncogene by itself. Together, our results identify 
Rap2b as a new player in the pro-survival program conducted by p53 and raise the possibility that targeting Rap2b could 
sensitize tumor cells to apoptosis in response to DNA damage.
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There are several existing models of how the balance between 
survival and death in p53 signaling is regulated. First, post-trans-
lational modifications, such as lysine 120 acetylation (K120ac), 
can skew the transcriptional output of p53 toward either cell 
cycle arrest or apoptosis and therefore affect the cell fate deci-
sion process of p53.9,10 Second, p53 binding partners, such as Hzf, 
Slug and hCAS, selectively regulate the expression of cell cycle 
arrest genes or apoptotic genes.11-14 Third, some p53 targets, for 
example Glx2 (also called glyoxalase II) and Cdkn1a, regulate the 
survival of cells after DNA damage but do not affect the expres-
sion of other p53 targets.15 Last, the levels of p53 in response to 
stresses also affect the outcome of various stresses.16 These indi-
vidual events could also cooperate to regulate the life and death 
decisions controlled by p53.

Although p53 is a strict tumor suppressor, some of its down-
stream targets do not have a strict tumor-suppressive function. 
For example, Mdm2, the negative regulator of p53, is overex-
pressed in many types of tumors.17-19 Cdkn1a also has been 
implicated in maintaining the self-renewal of leukemia stem 
cells through its transient cell cycle arrest and pro-survival func-
tion.20 Another pro-survival target of p53, Cox-2, is associated 
with tumorigenesis, and its inhibition may have potential tumor-
inhibitory effects.21 Therefore, tumor cells could “hijack” the 
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study,28 several Wnt genes, including Wnt8b, Wnt3, Wnt3a and 
Wnt4, were only detected in mES cells (Table S3), indicating 
that our comparative analysis was able to distinguish cell type-
specific genes from -nonspecific genes.

p53 directly and indirectly regulates gene expression. In an 
indirect manner, p53 regulates the expression of other factors, 
e.g., noncoding RNAs or other transcription factors, which, in 
turn, alter the transcription of secondary genes.29,30 Genes regu-
lated by p53 though these types of mechanisms are p53 indirect 
or secondary targets. We define p53 direct or primary targets 
as those whose expression is altered in a p53-dependent man-
ner and that are bound by p53. To determine genes bound by 
p53, ChIP-chip assay was performed using a pan-p53 antibody 
in adriamycin-treated MEF and mES cells. Using the ChIP-
chip assay, we detected 724 genes bound by p53 in MEFs and 
1464 genes in mES cells (Table S4). The higher number of genes 
bound by p53 may reflect the fact that the chromatin of mES 
cells is more accessible to p53 than is that of MEF cells.31 When 
comparing these two sets of genes bound by p53, 482 genes were 
common to both MEFs and mES cells (Fig. 1A; Table S4). We 
then integrated the gene expression microarray data sets with the 
ChIP-chip data sets to obtain the common p53 direct targets 
in both MEF and mES cells. This analysis derived 75 common 
p53 direct targets in the two cell types (Fig. 1A). Strikingly, all 
these 75 genes were p53-activated genes (Fig. 1B), suggesting 
that p53-activated genes, as opposed to p53-repressed genes, 
are more likely to be cell type-nonspecific. We also separately 
analyzed p53 direct targets in MEF and mES cells (Fig. S1). A 
prominent finding was that the portion (17.7%, 72 out of 407) of 
p53-repressed genes in mES cells was significantly (p = 8.15e-5, 
Fisher’s exact test) higher than that in MEF cells (4.9%, 7 out 
of 144) (Fig. S1).

To identify p53 targets conserved between mouse and human, 
we compared our mouse p53 targets with genome-wide p53 targets 
identified in two human cell lines U2OS and HCT116 cells.26,27 
The comparison detected nine genes, Alox5, Eda2r, Btg2, Mdm2, 
Adrb2, Cdkn1a (also called p21 or Waf1), Tnfrsf10b (also called 
DR5), Rap2b and Bbc3 (also called Puma), all of which were 
common p53 targets in the investigated mouse and human cell 
types. All these genes except Rap2b have been shown to be p53 
downstream targets.32-38 Btg2, Mdm2 and Cdkn1a are known cell 
cycle arrest genes, while Eda2r, Bbc3 and Tnfrsf10b are apoptotic 
genes.32-38 Alox5 is involved in p53-mediated senescence through 
regulating the production of reactive oxygen species.39 Adrb2 is 
a p53 target in response to ultraviolet (UV) irradiation in mela-
nocytes, but its function is unknown.35 Because Rap2b is the 
only gene that has not been reported to link to p53 signaling, we 
decided to further study the role of Rap2b during p53-mediated 
stress response. It should be noted that our integrated genome-
wide approach could have missed some p53 targets due to the 
sensitivity of the ChIP-chip and gene expression microarray. 
Nonetheless, this approach is powerful to identify novel p53 tar-
gets that may play critical roles in p53 stress responses.

Rap2b is a conserved p53 target in response to DNA dam-
age. Rap2b is one of the members of the Ras super-family. 
Phylogenetic analysis demonstrated that mouse and human 

pro-survival part in the p53 signaling. The investigation of the 
pro-survival function of p53 is of great significance in terms of 
cancer therapy.7,22 By targeting the pro-survival function of p53, 
the balance between life and death of cancer cells may be shifted 
toward apoptosis, and the optimal efficacy of chemo- or radio-
therapy could be achieved.

Despite the fact that many cell cycle arrest/survival genes and 
apoptotic genes have been found, the comprehensive gene net-
work of p53 remains to be determined.6,7,23,24 Previous genome-
wide studies by us as well as others have identified a large number 
of p53 downstream targets.25-28 Most of these studies have used 
a single cell type, and the comparisons between cell types have 
not been fully performed. The identified genes contain both cell 
type-specific p53 targets and cell type-nonspecific p53 targets. 
Cell type-specific p53 targets may mediate cell type-specific 
functions of p53. For example, the Wnt genes are preferentially 
induced by p53 in mouse embryonic stem (mES) cells, and they 
may represent a cell non-autonomous anti-differentiation role 
of p53 in mES cells.28 In this study, we performed integrated 
genome-wide studies of p53 signaling in mES and mouse embry-
onic fibroblast (MEF) cells, and we also employed comparable 
analyses using genome-wide data sets of p53 in human cells to 
identify conserved p53 targets between mouse and human. Our 
goal is to identify new p53 target(s) that is (are) involved in regu-
lating survival and/or apoptosis during DNA damage response. 
Through these analyses, we identify Rap2b as a new player in the 
p53 gene network that affects the balance between cell survival 
and apoptosis after DNA damage. Our result also suggests that 
targeting Rap2b might sensitize tumor cells to apoptosis induced 
by DNA damage.

Results

Identification of Rap2b as a novel p53 target using an integrated 
genome-wide approach. To identify p53 targets in an unbiased 
manner, we employed an integrated genome-wide approach by 
combining gene expression microarray and ChIP-chip assays in 
both mouse embryonic fibroblasts (MEFs) and mouse embryonic 
stem (mES) cells. This approach has been previously used to 
identify p53 direct targets in mES cells.4,28 A chemotherapeutic 
drug, adriamycin (also known as doxorubicin), was used to acti-
vate p53, because it induces DNA damage. Untreated cells were 
controls.

Using gene expression microarray, we detected 2,350 genes 
(1,260 activated and 1090 repressed) that were significantly 
(p  <  40.001) changed in a p53-dependent manner after adria-
mycin treatment in MEF cells. In mES cells, 4,067 genes were 
significantly (p < 0.001) changed after the treatment (Fig. 1A). 
Among them, 2115 genes were activated, while 1,952 were 
repressed. Comparison of p53-dependent genes in MEF with 
those in mES revealed that 1,097 genes were common in both 
cell types (Fig. 1A; Table S1); 1,253 genes were only expressed 
in MEF; and 2,970 genes were only expressed in mES cells (Fig. 
1A; Tables S2 and S3). This result suggests that a large portion of 
p53-dependent genes are cell type-specific or respond differently 
to a single dosage of adriamycin. Consistent with the previous 
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activated by various stresses, we investigated whether other types 
of stresses also induce Rap2b through p53.41 To address this ques-
tion, p53+/+ and p53−/− MEF cells were either untreated or treated 
with Nutlin or UV followed by western blot analysis with Rap2b 
and p53 antibodies (Fig. 4A). Of note, Nutlin is a non-genotoxic 

Rap2b have identical amino acid sequences (Fig. 2A). Multi-
alignment analysis with Rap2b amino acid sequences from eight 
species showed that Rap2b is a highly conserved protein (Fig. S2). 
In some species, including Homo sapiens, Macaca mulatta, Mus 
musculus, Pan troglodytes and Rattus norvegicus, the amino acid 
sequences of Rap2b are identical. The high conservation of the 
Rap2b protein sequence suggests that it may play important 
role(s) during evolution.

To confirm the result from the integrated genome-wide 
approach, we used real-time PCR to monitor the induction 
of Rap2b mRNA in p53 wild type (p53+/+) and p53 knockout 
(p53−/−) MEF cells treated with adriamycin for various times 
(Fig. 2B). We also performed similar experiments in p53+/+ and 
p53−/− HCT116 cells (Fig. 2C). As a comparison, the kinetics 
of Cdkn1a mRNA induction was measured (Fig. 2D and E). 
Our results showed that the induction of Rap2b mRNA was 
p53-dependent. Interestingly, in the absence of adriamycin (0 h 
point), the mRNA levels of Rap2b were similar in p53+/+ and 
p53−/− cells, while the levels of Cdkn1a were much higher in p53+/+ 
cells than in p53−/− cells. Thus, p53 regulates the expression of 
Rap2b only in the presence of extrinsic DNA damage stress, 
while it regulates the expression of Cdkn1a both in the absence 
and presence of extrinsic DNA damage stress. This result sug-
gests that Rap2b may play an important role in p53 signaling 
only during DNA damage stress.

To test whether the protein levels of Rap2b was also induced 
by p53 in response to DNA damage, we performed immu-
noblotting analysis in p53+/+ and p53−/− MEF cells. The result 
demonstrated that the protein levels of Rap2b also increased in 
p53+/+ MEFs treated with adriamycin, whereas it did not change 
in p53−/− MEFs (Fig. 3A). Consistent with mRNA induction 
analysis (Fig. 2B and C), there was no detectable difference of 
Rap2b protein levels between p53+/+ and p53−/− MEF cells with-
out adriamycin treatment (0 h point). However, the basal level of 
Cdkn1a in p53−/− cells was much lower than that in p53+/+ cells. 
We also tested the induction of Rap2b protein in mES cells. mES 
cells were first transduced with lentivirus-expressing luciferase 
short hairpin RNA (shRNA) against luciferase (control) or p53 
and then treated with adriamycin (Fig. 3B). Rap2b was induced 
in mES cells with luciferase shRNA but not in cells with p53 
shRNA, demonstrating that Rap2b was induced in a p53-depen-
dent manner in mES cells. As previously shown, the Cdkn1a pro-
tein cannot be detected in mES cells, although Cdkn1a mRNA is 
readily detectable.40 In addition, we observed similar induction of 
Rap2b in human HCT116 cells (Fig. 3C). Thus, Rap2b protein 
was induced by adriamycin in a p53-dependent manner in both 
mouse and human cells.

The induction of Rap2b by p53 was also examined in 
NIH3T3, MCF7 and IMR90 cells (Fig. S3). In addition, we 
tested the induction of Rap2b in H1299 cells that express p53 
in a tetracycline-inducible manner. We observed that Rap2b 
was also activated by p53 in this cell type (Fig. S3). Together, 
the Rap2b gene is induced by p53 in a wide range of mouse and 
human cells.

Rap2b is induced by other stresses in a p53-dependent man-
ner. Because p53 is regarded as a general stress sensor and it is 

Figure 1. An integrated genome-wide approach to identify p53 direct 
targets. (A) Schematics of the strategy to identify p53 direct targets in 
both MEF and mES cells. (B) Heatmap showing the common direct tar-
gets of p53 in MEF and mES cells. Genes are rank-ordered according to 
the fold induction (adriamycin vs. untreated) in MEF cells. Genes shown 
on the right of the heatmap are common targets between mouse and 
human cell lines (U2OS and HCT116).26,27
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p53−/− cells. We also observed similar results in p53+/+ and p53−/− 
HCT116 cells (Fig. 4B). These results indicate that the induction 
of Rap2b by p53 is not limited to adriamycin.

p53 binds to the promoter of the Rap2b gene. To study the 
molecular mechanism of how p53 regulates the expression of 

p53 activator and stabilizes p53 through disrupting the interac-
tion of p53 and Mdm2.42 Nutlin and UV both activated and sta-
bilized p53 in p53+/+ MEF cells, as judged by the increase of p53 
protein levels (Fig. 4A). The protein levels of Rap2b increased 
significantly in p53+/+ cells treated with Nutlin or UV, but not in 

Figure 2. The induction of Rap2b mRNA by DNA damage is p53-dependent. (A) Phylogenetic analysis of mouse and human Ras super-family mem-
bers. Numbers in the brackets were the amino acid difference. (B–E) Primary MEF and HCT116 cells were treated with adriamycin for various time as 
indicated. Real-time PCR analyses were performed to measure the induction of Rap2b (B and C) and Cdkn1a (D and E). 28S RNA was used as internal 
control to normalize the values. To facilitate comparison, normalized values of untreated (0 h) p53+/+ cells were set to 1. Results are displayed as mean ± 
SEM, for MEF, n = 4; for HCT116, n = 3.
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(Fig. 6B). Both of these mutants are p53 “hot-spot” mutants 
and disrupt the DNA binding of p53.44 In our assay, neither of 
the mutants induced Rap2b, suggesting that the DNA binding 
domain of p53 is required for the Rap2b induction (Fig. 6B). In 
addition, we also cloned the promoter region of the human Rap2b 
gene into a reporter. Our result showed that p53 also activates 
the human promoter of Rap2b (Fig. 6C). Therefore, these results 
demonstrate that p53 directly binds to the Rap2b promoter and 
regulates its expression.

Knockdown of Rap2b sensitizes cells to DNA damage-
induced apoptosis. To explore the role of Rap2b in p53-mediated 
DNA damage response, we designed two shRNAs that effectively 

Rap2b, we set out to investigate the binding of p53 on 
the Rap2b gene. Result from ChIP-chip assays in MEF 
cells showed that there was a binding locus of p53 in 
the promoter region of the Rap2b gene (Fig. 5A). To 
confirm this result, we performed conventional chro-
matin immunoprecipitation assay (ChIP). Guided by 
the chromosomal coordinates of the p53 peak detected 
by the ChIP-chip assay, we designed six pairs of real-
time PCR primers that spread around the p53 peak 
(Fig. 5B). ChIP result showed that the recruitment of 
p53 to the promoter of the Rap2b gene was compara-
ble to that on the Mdm2 gene, a well-known p53 tar-
get.34 Before adriamycin treatment, p53 already bound 
to the promoters of both the Mdm2 and Rap2b genes. 
Adriamycin treatment enhanced the recruitment of p53 
to the promoters (Fig. 5B). Because the mRNA lev-
els of Rap2b in untreated p53+/+ and p53−/− cells were 
similar (Fig. 2B), it suggests that the binding of p53 in 
the untreated cells has no transcriptional output. DNA 
damage not only increases the binding of p53 to chro-
matin but also switches on p53 to induce Rap2b. The 
chromatin recruitment of p53 to the promoter of the 
Rap2b gene was high in both region 4 (R4) and 5 (R5). 
The length of DNA sequence between R4 and R5 is 
116 base pair (bp), a length that is suitable to perform 
downstream sequence analysis. Importantly, we did not 
detect the recruitment of p53 to the promoters of Rap2b 
and Mdm2 in p53−/− MEF cells, demonstrating that the 
ChIP signal is specific to p53.

To further characterize the R4–5 region contain-
ing the binding site of p53, we cloned this region into 
a reporter and performed the luciferase reporter assay 
(Fig.  6A). Co-transfection of the reporter with an 
expression vector encoding p53 resulted in about 85-fold 
induction compared with the reporter alone. The fold 
induction was even higher than that of a reporter con-
taining the promoter of the Cdkn1a gene, another well-
characterized p53-regulated gene.36 Inspection of the 
cloned sequence (R4–5) revealed that this sequence 
contained three detectable p53 half sites.43 Half sites 1 
and 2 or 2 and 3 form a canonical p53 response ele-
ment.43 To determine whether these three half sites are 
critical for the induction of Rap2b, site-directed muta-
genesis was performed to disrupt each or the combina-
tion of these half sites (Fig. 6A). We observed that the third half 
site appeared to play a dominant role in the induction of Rap2b, 
because the disruption of this half site (mut5) decreased the fold 
induction by 85 percent (p < 0.01). Mutation of either half site 1 
or 2 had a much milder effect on the fold induction. The com-
bination of mutation of either half site 1 or 2 with mutation of 
half site 3 did not result in a further decrease of the induction (p 
> 0.1). Taken together, the cloned DNA sequence is involved in 
the Rap2b induction by p53. To test whether the DNA binding 
domain of p53 was required for the induction of Rap2b, we co-
transfected the reporter with an empty vector or a vector express-
ing wild type p53 or the p53-R175H or p53-R273H mutants 

Figure 3. Rap2b protein is induced by p53 in mouse and human cells upon DNA 
damage. (A) Western blot analyses to measure the protein levels of Rap2b, Cdkn1a, 
p53 and β-actin in p53+/+ and p53−/− MEFs treated with adriamycin (Adr) for various 
times. (B) Western blot analyses of Rap2b, p53 and β-actin in mES cells trans-
duced with lentiviruses expressing luciferase shRNA or p53 shRNA. (C) Western 
blot analyses of Rap2b, Cdkn1a, p53 and β-actin in p53+/+ and p53−/− HCT116 cells 
treated with Adr.
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Several p53 targets, such as Hzf and Slug, affect the expression 
of other p53 targets to tip the balance between cell cycle arrest 
and apoptosis.11,13 To determine whether Rap2b utilizes a similar 
mechanism, we interrogated the induction of several canonical 
p53 downstream targets in control cells and Rap2b knockdown 
cells, either untreated or treated with adriamycin (Fig. 7C). We 
did not observe an obvious effect of Rap2b knockdown on the 
induction of these p53 targets, although the levels of an apoptosis 
marker PARP-p85, the cleaved PARP,45 increased in the knock-
down cells. In addition, Rap2b knockdown did not alter the pro-
tein levels of p53. Therefore, the effect of Rap2b knockdown on 
apoptosis either channels through other p53 downstream targets 
or is through an unknown mechanism.

Rap2b is upregulated in many human tumors and has weak 
transformation activity. To probe the function of Rap2b in 
tumors, we interrogated the expression of Rap2b in the Oncomine 
database. Rap2b was predominantly upregulated in many types 
of tumors (Fig. S6). Among the 50 studies comparing cancer 
tissues with normal tissues, 40 studies showed that Rap2b was 
upregulated in cancer vs. normal tissues (p < 0.001).

Because Rap2b is a member of the Ras super-family and pref-
erentially upregulated in tumors, we tested whether Rap2b has 
transformation activity. To address this, anchorage-independent 
growth assays were used. MCF10A cells, a non-tumorigenic 
breast epithelial cell line, were transduced with lentivirus express-
ing luciferase (a negative control), H-Ras (V12) (a positive con-
trol) and Rap2b (Fig. 8A). After transduction, cells were grown 
on agarose plates, and the number of colonies was counted at 
various time points (Fig. 8A). H-Ras (V12), as expected, trans-
formed about 80% of the transduced MCF10A cells. However, 
Rap2b only increased the number of transformed MCF10A colo-
nies by 2-fold (from about 5% to 10%) compared with the lucif-
erase control, although the increase was statistically significant 
(Fig. 8B). We also tested the transformation activity of Rap2b 
in a mouse cell line, NIH3T3 cells and observed similar result 
(Fig. S7). Together, our results indicate that Rap2b has weak 
transformation activity, suggesting that Rap2b may not be an 
oncogene by itself. It probably needs to cooperate with other fac-
tors to give tumors sufficient growth or survival advantage (see 
“Discussion”). To assess whether Rap2b is involved in the pro-
liferation of cancer cells, we knocked down the levels of Rap2b 
in HCT116 cells and measured the growth of these cells. The 
reduction of Rap2b levels in HCT116 cells decreases the cell 
number of HCT116 cells (Fig. 8C). Because we did not observe 
evident apoptosis (Fig. 7B and C) under unstressed conditions, 
this result suggests that Rap2b also regulates cell proliferation 
without exogenous DNA damage stress.

Discussion

Pro-survival targets of p53. In this study, we identify Rap2b 
as a novel p53 target that mediates survival after DNA dam-
age (Fig. 8D). Previous studies by others have identified several 
p53 target genes, such as Glx2, Hzf, Cox-2 and IRF2BP2, that 
counter the apoptosis induced by p53.11,15,46,47 The cellular con-
sequences of the reduction of Rap2b and these other genes are 

reduced the levels of Rap2b in both p53+/+ and p53−/− HCT116 
cells (Fig. 7A). Cells were either untreated or treated with adri-
amycin followed by flow cytometry analysis with propidium 
iodide (PI) staining (Fig. 7B; Fig. S4). In the absence of adria-
mycin treatment (untreated), Rap2b knockdown did not affect 
the cell cycle distribution of either p53+/+ or p53−/− HCT116 cells 
(Fig. 7B, upper panels). However, adriamycin led to a higher per-
centage of the apoptotic (sub‑G

1
) population in Rap2b knock-

down cells than in control cells after 48-h adriamycin treatment 
(Fig.  7B, lower panels). The gain of apoptotic population in 
Rap2b knockdown cells resulted from the loss of the G

2
 popu-

lation, suggesting that Rap2b knockdown sensitizes G
2
-arrested 

cells to adriamycin-induced apoptosis. The pro-survival effect of 
Rap2b was p53-dependent, as the knockdown of Rap2b did not 
change the cell cycle distribution and apoptotic population in 
p53−/− HCT116 cells, either in the absence or presence of adria-
mycin (Fig. 7B; Fig. S4). These data suggest that Rap2b knock-
down sensitizes cells to DNA damage-induced apoptosis only 
when p53 is wild type.

Based on the result from RNA interference, we hypothesized 
that overexpression of Rap2b in cells would protect cells from 
DNA damage-induced apoptosis. To test this hypothesis, we 
used a lentivirus-based system to exogenously express Rap2b in 
both p53+/+ and p53−/− HCT116 cells. Surprisingly, exogenous 
expression of Rap2b affected neither the cell cycle distribution 
nor apoptosis in either the p53+/+ or the p53−/− HCT116 cells, 
indicating that Rap2b by itself is required but not sufficient to 
protect cells from DNA damage-induced apoptosis (Fig. S5; also 
see “Discussion”).

Figure 4. Rap2b was induced by other stresses in a p53-dependent 
manner. (A) Western blot analyses to evaluate the protein levels of 
Rap2b, p53, and β-actin in p53+/+ and p53−/− MEF cells untreated or 
treated with Adr, Nutlin and UV. (B) Western blot analyses to evaluate 
the protein levels of Rap2b, p53 and β-actin in p53+/+ and p53−/− HCT116 
cells untreated or treated with Adr, Nutlin and UV.
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approaches to find highly conserved p53 direct targets among 
the four cell types. It is intriguing that all the identified com-
mon p53 targets in both MEF and mES cells are p53-activated 
genes (Fig. 1). This result supports a model that p53-repressed 
genes are more likely to mediate the cell type-specific function 
of p53 than do the activated genes.23,25 The mechanisms underly-
ing the transcriptional repression by p53 are more complex than 
those for activation.24,50 p53 can directly repress gene transcrip-
tion by recruiting co-repressor, such as Sin3a and LSD1, or inter-
fere with the enhancer activity.25,51-53 Or it can indirectly repress 
its targets by inducing other transcriptional factors, for exam-
ple, E2F7 or noncoding RNAs, such as lincRNAs or miRNAs, 
which, in turn, repress its targets.29,30,54 Therefore, p53 may use 
many different mechanisms to conduct transcriptional repression 
in different cell types to fulfill its cell type-specific functions. 
Compared with p53-repressed genes, the regulatory mechanisms 
of p53-activated genes are relatively homogenous, i.e., they gener-
ally involve the promoter. By comparing p53 targets in different 

similar in terms of the increase of apoptotic population (Fig. 
7). Compared with these previously identified pro-survival 
genes, Rap2b does not affect the transcriptional output 
of p53, as judged by several p53 targets (Fig. 7C). In the 
context of pro-survival function, Rap2b is very similar to 
Cdkn1a. Reduced levels of Cdkn1a also sensitize cancer 
cells to DNA damage-induced apoptosis.48 Different from 
Cdkn1a, Rap2b does not have a role in cell cycle arrest in 
the absence from DNA damage stress, and it only affects 
the survival of cells during DNA damage (Fig. S5). This 
DNA damage specificity may help to keep the pro-survival 
function of Rap2b in check during normal physiological 
conditions. In many types of tumors, Rap2b is upregulated, 
suggesting that other transcription factors could also regu-
late the expression of Rap2b (Fig. 8A). Due to these special 
features, Rap2b may represent an excellent target to maxi-
mize the pro-apoptotic effect of DNA damage agent, such 
as adriamycin, in cancer treatment. The exact mechanism 
underlying the pro-survival function of Rap2b is currently 
unknown, which merits further study in the future.

The weak transformation activity of Rap2b. Our anchor-
age-independent growth assays showed that Rap2b had very 
weak transformation activity. Given this observation and the 
upregulation of Rap2b in many tumors (Fig. 8C), Rap2b 
may not be a bona fide oncogene. Recent genome-wide RNA 
interference screening revealed that many cancer-associated 
genes are not oncogenes themselves.49 Instead, they help to 
maintain an oncogenic state, dubbed as nononcogenic addic-
tion.49 Therefore, it is possible that Rap2b is one of these 
nononcogenes that support the oncogenic status. During 
tumorigenesis, tumor cells are constantly exposed to intrin-
sic DNA damage stress, which may be caused by replication 
stress. The nononcogenic addiction could also potentially 
explain why Rap2b does not have a full transformation activ-
ity but is upregulated in many types of cancer. Therefore, 
targeting these nononcogenic genes, such as Rap2b, may also 
achieve therapeutic benefit. Because exogenously expressed 
Rap2b alone did not protect cells from apoptosis (Fig. S5), 
high levels of Rap2b in tumors need other factors to protect tumor 
cells from the apoptosis induced by the intrinsic DNA damage 
stress. In the future, it will be interesting to study which factor(s) 
cooperate with Rap2b to protect tumor cells from DNA damage-
induced apoptosis. This can be achieved by using an un-biased 
library screening to identify genes that cooperate with Rap2b to 
fully transform cells in the future.

The transcriptional gene network of p53. A full picture of 
the transcriptional gene network of p53 is critical for understand-
ing the molecular mechanisms of the tumor-suppressive function 
of p53 and the design of an effective therapeutic strategy based on 
p53 signaling. The list of p53 target genes is still expanding.23,24 
Thus far, there is no single p53 target that fully phenocop-
ies p53, suggesting that p53 targets either cooperate to prevent 
tumors, or that we have not found the right downstream target. 
Therefore, identification of new p53 targets and investigation of 
their functions during p53 signaling is of paramount importance. 
In the current study, we set out to use integrated genome-wide 

Figure 5. p53 binds to the promoter of the Rap2b gene. (A) A genomic view 
of p53 chromatin recruitment to the Rap2b gene in MEF cells treated with 
adriamycin for 8 h. Shown is genomic coordinates of build mm8. (B) Conven-
tional ChIP assay to measure the binding of p53 in the promoter region of the 
Rap2b gene in MEF cells untreated or treated with adriamycin for 8 h. Results 
are means ± SEM, n = 3. Regions (R2–R7) were surveyed by real-time PCR.
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p53 target in other cell types, by p53 in mES cells, because the 
mRNA of Bax did not respond to adriamycin treatment in mES 
cells. Nonetheless, the identification of Rap2b as an important 
player in p53 signaling demonstrates that these genome-wide 
approaches are extremely helpful to dissect the complexity of p53 
signaling.

cell types, p53-activated genes are more likely to emerge as the 
common targets, such as Rap2b.

It should be noted that our analyses likely have missed some 
important p53 targets because of the sensitivity of our genome-
wide tools or the cell type-specific nature of these targets.55 For 
example, we did not detect the induction of Bax, a well-established 

Figure 6. Characterization of the promoter of the Rap2b gene. (A) The promoter sequence containing the p53 binding site in mouse Rap2b gene. The 
half site of p53 response element was shown below the sequence. TSS, transcription start site; potential half sites were underlined. (B) Luciferase assay 
to measure the induction of Rap2b by p53. Left: putative p53 response elements in the region 4 to 5 in the promoter of Rap2b. p53 half sites were 
underlined and shown in bold. Mutated half sites were un-bolded. Right: luciferase assay with a reporter containing either wild type (wt) or mutated 
promoters of Rap2b. Fold induction (with p53 vs. without p53) were measured. Reporter containing the promoter of Cdkn1a was used as a comparison. 
(C) A reporter vector containing the mouse Rap2b promoter was co-transfected with an empty vector or a vector expressing wild type p53 (p53WT), 
p53R175H or p53R273H mutant. Fold induction was measured. (D) Reporter containing wild type human Rap2b promoter was co-transfected with an 
empty vector or a vector expressing wild type p53. Fold induction was measured. Shown are mean ± SEMs; n > or = 3; **p-value < 0.01.
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Figure 7. Knockdown of Rap2b sensitize cells to DNA damage-induced apoptosis. (A) Lentivirus-based shRNA to knockdown Rap2b. Relative mRNA 
levels were measured by real-time PCR. (B) Flow cytometry analysis of the effect of Rap2b knockdown in HCT116, p53+/+ and p53−/− cells in response to 
adriamycin (Adr) treatment. PI staining was performed and sub-G1 indicated the apoptotic cell population. Results shown are mean ± SEM; n > or = 3; 
**p < 0.01. (C) Western blot analysis of the protein levels of Rap2b, Cdkn1a, p53, PARP p85 fragment (cleaved PARP), Bax, Puma and β-actin in Rap2b 
knockdown HCT116, p53+/+ and p53−/− cells with Adr treatment.
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Materials and Methods

Cell lines and growth condition. mES (R1E) 
cells (ATCC) were maintained in 0.1% gela-
tin-coated plates with mESC growth medium 
containing knockout DMEM (KO-DMEM), 
15% fetal bovine serum (FBS), 100 mM 
MEM nonessential amino acids, 0.1 mM 
2-mercaptoethanol, 2 mM L-glutamine and 
1× penicillin-streptomycin (Invitrogen) plus 
1,000 units/mL of LIF (Millipore). Primary 
mouse embryonic fibroblasts (MEFs) were 
isolated from 13.5-d embryos and cultured in 
DMEM containing 15% FBS. Only cells with 
passage number less than three were used. 
Mice are maintained under the strict guide-
lines of the Institutional Animal Care and Use 
Committee (IACUC)-approved protocols of 
the National Cancer Institute. HCT116 cells 
were maintained McCoy’s 5A medium with 
10% FBS (Cellgro, 10-050-CV). MCF10A 
cells (ATCC, CRL-10317) were maintained 
in DMEM/F-12 (Sigma, D8900-10X1L) 
containing 5% horse serum (Invitrogen, 
16050-114), 20 ng/ml EGF (PeproTech, 
AF-100-15), 0.5 mg/ml hydrocortisone 
(Sigma, H0888-1G), 100 ng/ml cholera toxin 
(Sigma, C8052-.5MG) and 10 μg/ml insulin 
(Sigma, I4011-250MG). Low-passage IMR90 
and H1299 cells were grown in DMEM with 
10% FBS.

Gene expression microarray and ChIP-
chip. Gene expression microarray assays were 
performed as previously described at the 
microarray facility of the National Cancer 
Institute.28 Briefly, 100 ng total RNA were 
processed according to the protocol from 
Affymetrix. Mouse Gene ST 1.0 arrays were 
used. For each condition, triplicate analyses 
were performed. Data analysis was performed 
using the Partek Genomics Suite. Probes with 
intensity less than three were removed from 
the analysis because of potential probe fail-
ures. To identify genes whose induction was 
p53-dependent after DNA damage, analysis 
of variance (ANOVA) was used. Genes with 
a p-value less than 0.001 (adriamycin vs. 
untreated in p53+/+ cells) were kept for further 
analysis. We then compared p53+/+ with p53−/− 
cells in the absence or presence of adriamycin 
treatment. Genes with p values larger than 
0.001 under both conditions were determined 
as p53-independent genes.

ChIP-chip followed the same procedure 
as previously described.28 All the procedures 
were described in Agilent’s mammalian 

Figure 8. Rap2b has weak a transformation activity and is upregulated in many types of tu-
mors. (A) Western blot analysis of the ectopic expression of Rap2b and H-Ras(V12) in MCF10A 
cells. (B) Anchorage-independent growth assay to evaluate the transformation activity of 
Rap2b in MCF10A cells. Numbers of colonies were calculated. Results are displayed as mean 
± SEM; n = 6; *p < 0.05; **p < 0.01. (C) Growth curve of HCT116 cells without or without Rap2b 
knockdown; n = 3; *p < 0.05. (D) A model describing the role of Rap2b in the pro-survival 
regulation during p53 signaling.
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luciferase vector pGL4.23[luc2/minP]-DEST. A DNA frag-
ment containing the bla promoter and Amp(R) gene was cloned 
from pLenti6/V5-DEST into the pENTR/D-TOPO vector to 
construct a pENTR/D-TOPO-bla-Amp vector and XcmI was 
used to generate a T vector. The Rap2b promoter was cloned 
into the T vector using forward primer 5'-CCG CTG TGA 
CTT GGA ACC A-3' and reverse primer 5'-GCT TGC CTC 
TTC CCA AAG CT-3'. A LR recombination reaction was 
performed to generate a reporter vector pGL4.23-Rap2b(pr) 
containing the Rap2b promoter. The half-site mutants of p53 
binding sites were constructed using a QuikChange® Site-
Directed Mutagenesis Kit (Stratagene, #200523). Luciferase 
reporter assay was performed using Dual-Luciferase® Reporter 
Assay System (Promega, E1910). In brief, 100 ng pGL4.23-
Rap2b(pr) was co-transfected into H1299 cells with or without 
10 ng pcDNA3.1-p53 using Lipofectamine™ 2000 (Invitrogen, 
11668-019), and the Cdkn1a promoter was used as a positive 
control. Ten ng pRL-SV40 (Promega, E2231), as an internal 
control, was co-transfected. Fold induction was calculated to 
evaluate the relative activities of the Rap2b promoter mutants 
and expressed as the signal with p53 over the signal without p53. 
The experiments were repeated at least three times to calculate 
the average of fold induction. All the primers used in this study 
are listed in Table S1.

Knockdown of Rap2b. Short hairpin RNA (shRNA) plasmids 
were constructed by cloning shRNA oligos (Table S1) into the 
pLKO.1 vector. Lentiviral particles were produced by cotransfect-
ing Lenti-X™ 293T cells (Clontech) with shRNA plasmid, pack-
aging plasmid pCMV-dR8.2 dvpr (Addgene #8455) and envelop 
plasmid pCMV-VSVG (Addgene #8454) using Lipofectamine™ 
2000. The lentiviral supernatant was used to transduce cells. The 
transduced cells were treated with 2 μg/ml puromycin to make 
stable Rap2b knockdown cell lines. Low-passage (less than 10) 
stably transfected cells were used. Knockdown efficiency was 
assessed by western blotting and qRT-PCR.

Cell cycle analysis. Two × 105 HCT116 cells were seeded 
into each well of a 6-well plate or into a 60-mm dish. The next 
day, cells were untreated or treated with 1 μM adriamycin. After 
various times as indicated, cells were harvested and subject to 
propidium iodide (PI) staining.56 Briefly, cells were fixed and 
permeablized with 70% ethanol overnight at −20°. Cells were 
then washed with PBS and treated with 10 μg/ml of RNase at 
room temperature for 1 h. After RNase treatment, cells were 
incubated with 0.1 mg/ml of PI at room temperature for at least 
10 min. The stained cells were loaded into a BD FACSCalibur 
flow cytometer, and the data were collected for cell cycle analysis 
by FlowJo v7.5.5. The experiments were repeated at least 3× to 
calculate the average percentage of each cell cycle phase.

Ectopic expression of Rap2b. The Rap2b gene was cloned 
into the pENTR/D-TOPO vector (Invitrogen), and the result-
ing TOPO vector was then transferred into the pLenti6/
V5-DEST vector by LR recombination using the Gateway LR 
Clonase II enzyme mix. The resulting expression vector pLenti6/
V5-Rap2b was used to make lentivirus to transduce NIH3T3, 
HCT116 or MCF10A cells. Five μg/ml blasticidin was used to 
select stably transfected cells. The Rap2b overexpressed cells 

ChIP-on-chip manual (Version 10.0). G4490 (1 × 244 k) arrays 
were used. Gene expression microarray and ChIP-chip data sets 
in mES cells were re-analyzed from the previous data sets in Gene 
Expression Omnibus (GSE16427 and GSE16428). Ten μg of 
anti-mouse p53 antibody (Santa Cruz, M19) was used for immu-
noprecipitating mouse p53.

Induction of Rap2b in cells. MEF, mES, HCT116 and 
IMR90 cells were treated with 0.5 (mES and MEF) or 1 uM 
(HCT116) adriamycin (Sigma), 25 J/m2 UV or 20 uM Nutlin 
(Cayman Chemical) for various times as indicated. H1299 cells 
that inducibly express p53 were treated with 1 μg/ml doxcycline 
for various times as indicated. Cells were then harvested for pro-
tein and mRNA analyses using immunoblotting and reverse 
transcription and real-time PCR (qRT-PCR), respectively.

Immunoblotting. The cells were lysed in RIPA buffer (50 
mM TRIS-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 
0.25% sodium deoxycholate, 1 mM EDTA) plus protease inhibi-
tors, and then sonicated with a Bioruptor (Diagenode). The lysate 
concentration was determined by the Bradford assay (Bio-Rad). 
Eighty micrograms of total protein was loaded onto a NuPAGE 
4–12% Bis-Tris gel (Invitrogen) and transferred onto a PVDF 
membrane (Bio-Rad). The membrane was blocked with PBST 
(1 × PBS with 0.05% Tween 20) plus 5% non-fat milk at room 
temperature for 1 h, incubated with primary at 4° overnight 
and secondary antibodies at room temperature for 1 h and then 
developed using the SuperSignal West Dura Luminol/Enhancer 
solution (ThermoFisher Scientific). Images were obtained from 
a G:BOX (Syngene) imaging system. For multiple detections, 
the membrane was stripped with Restore Plus Western Blot 
Stripping Buffer (ThermoFisher Scientific). The primary anti-
bodies used in this study were against β-actin (Sigma), mouse 
p53 (Santa Cruz), human p53 (EMD4Biosciences), Cdkn1a 
(Santa Cruz), Puma (Calbiochem) and Bax (EMD4Biosciences). 
The secondary antibodies included anti-rabbit IgG (Jackson 
ImmunoResearch), anti-mouse IgG (Jackson ImmunoResearch) 
and anti-goat IgG (Santa Cruz).

Reverse transcription and real-time PCR. Total mRNA was 
isolated using TRIzol® Reagent (Invitrogen). Reverse transcrip-
tion was performed with a Multiscribe Reverse Transcriptase kit 
(Applied Biosystems). Real-time PCR was performed in dupli-
cate with a total volume of 10 μL using a SYBR Green JumpStart 
Taq ReadyMix (Sigma). Reactions were run in a PCR System 
7500HT or 7900HT (Applied Biosystems). Data were ana-
lyzed using SDS 1.4 or SDS 2.3 software, respectively (Applied 
Biosystems). Data normalization was done as described previ-
ously.25,28 Real-time PCR primers used in this study are listed in 
Table S5.

Chromatin immunoprecipitation (ChIP) assay. ChIP assay 
was performed as described previously.25,28 Anti-mouse p53 anti-
body (Santa Cruz, M19) was used for ChIPing mouse p53. Real-
time PCR was performed using SybrGreen (Sigma). The relative 
percentage of input was calculated as the IP signal over the input 
signal.

Luciferase reporter assay. A DNA fragment attR1-CmR-
ccdB-attR2 was cloned from pLenti6/V5-DEST (Invitrogen) 
into pGL4.23[luc2/minP] (Promega) to construct a gateway 
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were harvested for western blotting and anchorage-independent 
growth assays.

Anchorage-independent growth assay. 0.5% agar in 1× 
growth medium was poured into a 6-well plate at 1 ml/well. 
Rap2b overexpressed MCF10A cells were counted and mixed 
with 0.35% agarose (final) in 1× growth medium, and 1.5 
ml mixture was added into three wells with 2,500 cells/well. 
The plates were incubated at 37°C in a humidified incubator 
for 28 d, and the cells were fed every other day. The colonies 
were counted under a microscope each week to calculate the 
efficiency of colony formation. H-RasV12 and luciferase overex-
pressed MCF10A cells were used as positive and negative con-
trols, respectively.
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