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Abstract

The tumor suppressor p53 is arguably the most important transcription factor that safeguards the
genome. Although it is clear that the transcriptional activity of p53isrequired for its tumor
suppressive function, the underlying mechanisms are still largely unknown. In the past several
years, genome-wide approaches have provided novel insights into the tumor suppressive functions
of p53. This mini-review summarizes recent progress in studying these functions using genome-
wide approaches, and offers some perspectives on this rapidly expanding field.

Introduction

Asthe“guardian” of the genome, p53 is a sequence-specific transcription factor. It is
activated in response to cellular stress, such as DNA damage, oncogene over-expression,
virusinfection and hypoxia. After activation, p53 is stabilized mainly through post-

trang ational modifications. It then binds to chromatin to activate or repress hundreds of
downstream targets which are involved in many biological functions[1] (Figure 1). In
somatic cells, p53 induces cell cycle arrest, apoptosis or senescence, depending on the type
and strength of stresses and the cell types[2]. In fibroblast, activation of p53 by oncogene
over-expression leads to senescence. In mouse embryonic stem cells, p53 regul ates self-
renewal, and in human embryonic stem cells it regulates both, differentiation and apoptosis
[3-5].

Despite the fact that much is known about p53 function, many important questions remain.
For example, why is there no single p53 target that completely explains the potent tumor
suppressive function of p53? Why do most tumors have p53 point mutations rather than p53
deletions? With powerful genome-wide and systems biology approaches, it might be
possible to answer some of these questions. This mini-review will give an update of recent
progress in using genome-wide approaches to study transcriptional regulation by p53. The
basics of some genome-wide platforms, such as chromatin immunoprecipitation based
microarray (ChlP-chip), ChlP-sequencing (ChlP-chip), gene expression microarray and
RNA sequencing (RNA-seq), have recently been reviewed and will not be detailed here [6].

Location, location, location

Some of the p53 aspects that could benefit from genome-wide studies involve the use of
gene expression microarrays to study the downstream targets of p53 [7-8]. To identify p53
downstream targets, Earlier studies using microarrays to detect differentially expressed
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genes were performed in human bladder carcinoma ECV-304 cells that contain awild type
p53 gene or in human colon carcinoma EB-1 cells that contain an inducible p53 gene [7-8].
Results from these studies suggest that p53 plays much wider roles than previously thought
[7]. There are two well-recognized p53 functions: cell cycle arrest and apoptosis. However,
it also regulates some relatively under-studied functions, such as the regulation of
cytoskeletal structure and cell-cell junctions.

One of theintrinsic limitations of gene expression microarray isthat it does not provide
specific molecular insights into how p53 regulates its downstream targets. In particular, gene
expression microarray does not tell whether the gene expression regulation is the direct
effect of transcription factor binding, or an indirect effect on gene expression. Thereisno
doubt that chromatin binding is critical for the tumor suppressive functions of p53 since
more than half of human tumors have p53 mutations in the DNA binding domain. So, many
interesting questions about p53 interactions with chromatin of are left unanswered by studies
with gene expression microarrays. For instance, does stronger chromatin binding correlate
with higher expression induction? I's the promoter-proximal region the most important
region for p53 to regulate its downstream target? Fueled by these questions, severa studies
to profile the chromatin binding of p53 in a genome-wide manner were performed.

In a somewhat limited whole-genome manner, using tiling microarray or chromatin
immunoprecipitation paired end tag (ChlP-PET), the chromatin binding of p53 was mapped
[9-12]. From these early studies, it appeared that the promoter region was not the only part
of these locations bound by p53. The majority of p53 binding sites were found within the
gene bodies and/or at the downstream regions [9, 11-12]. These results raised more
guestions: if the non-promoter binding sites of p53 are functional, how do they contribute to
transcription mediated by the basal transcription machinery at the promoter region? It is
highly possible that chromatin looping isinvolved in this signal transmission. Using recently
developed Chromosome Conformation Capture Carbon Copy (5C) [13], this hypothesis can
now be tested on a genome-wide scale. Recently, genome-wide chromatin looping mediated
by estrogen receptor apha has been mapped using chromatin interaction analysis by paired-
end tag sequencing (ChlA-PET) [14]. A similar approach could be used to probe the role of
chromatin looping in mediating p53 function.

Did we find the right target?

A long-standing question on p53 function is whether there is a single downstream target that
can mimic its tumor suppressor activities. So far, no such target gene has been identified.
One of the most well studied downstream targets, Cdknla (also called p21 or Waf1), is
critical for p53-mediated cell cycle arrest [15-16]. However, Cdknlaknockout (KO) mice
do not display the dramatic tumor phenotypes at seven months of age as observed in p53 KO
mice [15-16]. Another p53 target, Bbc3 (also called Puma), is reported to be essential for
p53-mediated apoptosis [17]. Similar to Cdknla KO mice, Bbc3 KO mice do not develop
tumors at six month age [17]. So, why don’t Cdknlaand Bbc3 KO mice phenocopy p53 KO
mice? There are at least two possible answers to this question. The first possibility isthat we
simply have not found the correct target. A recent genome-wide report has provided
evidence to support this possibility [18]. In that study, the authors generated a mouse with
p53 mutations at amino acids 25 and 26 [called p53 (25, 26)]. This p53 mutant is defective
in the induction of cell cycle arrest genes, such as Cdknlaand Mdm2, as well as the pro-
apoptotic gene, Bbc3 [18]. However, the p53 (25, 26) mice have a similar tumor incidence
aswild type mice [18]. These results suggest that these canonical p53 targets are dispensable
for the tumor suppressive functions of p53 [18]. Intriguingly, the authors identified dozens
of new p53 targets that phenocopy p53 in tumor suppression in a K-Ras driven non-small
cell lung cancer model [18]. Using other cancer models, such as central nervous system
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tumors and B-cell lymphomas, the same group observed similar results[19]. These results
strongly indicate that the previously believed tumor suppressive roles of Cdknlaand Bbc3
need be re-evaluated [18-19].

A second possibility isthat a subset of p53 targets cooperatively mediates the tumor
suppressive function. Each target carries only a partial p53-mediated function. This concept
is particularly attractive given that tumorigenesis is a multi-step process [20]. This
hypothesis could be tested by generating mice with severa deletionsin p53 targeted genes.
However, thisis atechnically challenging task since the possible number of multi-gene
knockout strains increases exponentially as the number of genes of interest increases. To
guide the design of multi-gene knockout experiments, it is helpful to generate a picture of
the p53 signaling network using the combination of genome-wide and systems biology
approaches. Gene-set based approaches can then be used to dissect the roles of subsets of
p53 regulated genes in tumor suppression [10, 21]. Key nodes for each pathway can be
identified and functionally tested. By doing so, we could reduce the apparent complexity of
p53-mediated transcriptional network and make the second possibility testable. Novel
therapeutic strategies might also be developed to treat cancer by simultaneously targeting
multiple pathways that are dis-regulated upon loss of p53.

Can we outsmart cancer by studying only cancer cells?

Most genome-wide studies reported so far have been performed in established cancer cell
lines, such as HCT116 (human colon carcinoma) and U20S (human osteosarcoma) [10, 12].
It isworth noting that cells with awild type p53 gene do not necessarily have anormal p53
signaling pathway. In the case of glioblastoma, around 87% of tumors have an abnormality
in the p53 signaling pathway, while only about 35% of these tumors have a mutated p53
gene[22]. This observation suggests that around 52% of glioblastomas have awild type p53
gene, but the p53 signaling pathway in these tumorsis disrupted. Therefore, caution needsto
be taken when interpreting results of p53 studies obtained from HCT116, U20S, and other
tumor-derived cell lines. For example, Shaked et al. compared the chromatin binding of p53
in normal human cells versus cancer cell lines using a custom array [23]. In primary (non-
tumorigenic) cells, p53 has limited chromatin binding in the absence of stress[23]. Cellular
stresses greatly increase the occupancy of p53 to chromatin [23]. Thisisin contrast to the
behavior of p53 in established cancer cell lines [24-25]. In established cancer cell lines,
stress have little effect on p53 binding to chromatin [25]. Thus, the unique cellular
environment in cancer cell lines can change the behavior of p53. Because of the low
coverage of the array, it is difficult to assess whether these conclusions will still hold when
the genome-wide binding of p53 is measured.

In addition to the concern of using cancer cell linesto study p53 signaling, prolonged
culturing /n vitrois also afactor that needs to be considered. Long-term culturing /n vitro
brings about new epigenetic markers [26]. Epigenetic modifications have been shown to
alter the chromatin binding of p53 [27-28]. With these caveats, translating the results from
/n vitro cultured cancer cellsinto the tumor suppressive functions of p53 is extremely
challenging [29]. Mapping of p53 signaling in low-passage primary cells or fresh tissue
samples will greatly help in obtaining a more physiologically-relevant landscape of the p53
signaling pathway, which will serve as a standard for studying p53 signaling in normal
versus cancer cells.

Cell type-specific p53 signaling, an epigenetic story?

Another interesting observation isthat different cell types have different p53 dependent
responses to stress, as exemplified by ionizing irradiation [30]. In addition, the differencesin
response to p53 inactivation in different tissues may lead to development of different tumor
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types. For example, mice harboring p53 loss are more likely to develop lymphomas, while
mice with p53 hotspot mutations, such as R172H and R270H, are prone to carcinomas [31-
32]. Moreover, tumors arising from different tissues respond to p53 reactivation differently
[33-34]. Mouse liver carcinoma cells are subject to senescence upon p53 reactivation [34],
while mouse lymphoma cells undergo apoptosis [33]. The cell type-specific p53 response
partialy results from differential p53 activation in different tissues [30]. Whether and how
epigenetic events play arolein cell type-specific p53 responses has not been fully explored.
One of the approaches for addressing the epigenetic influence on cellular outcomesisto use
the combination of genome-wide and systems biology approaches to decipher how the
epigenetic landscapes and cell type-specific factors shape the response to p53 in different
cell types. For an initial pilot study, mouse embryonic stem (mES) cells, primary embryonic
fibroblast (MEF) cells and neural progenitor cells (NPC) could be suitable models. The p53
signaling pathway in mES stem cells has been profiled using an integrative genome-wide
approach [4]. This study revealed a surprising connection between p53 and the Wnt
signaling pathway. Interestingly, the induction of the Wnt signaling pathway by p53is
specific to mES cells because the induction is greatly diminished in MEF or NPC cells,
although p53 activation is comparable in al cells (Li and Huang, unpublished results). These
results suggest that epigenetic events play arole in mES specificity to p53 dependent
induction of Wnt. It isworth mentioning that this epigenetic event restricts the p53/Wnt axis
to an early developmental stage, as observed in mES cells[35]. At later devel opmental
stages the connection between p53 and Wnt islost, perhaps as a mechanism for dissociating
p53 from the oncogenic effects of the Wnt signaling. A comparison of p53 signaling
pathways during ES cell differentiation and among these model cell types will facilitate the
understanding why different cell types respond differently to p53 activation or loss of
function.

Not every function of p53 has a desirable effect. For example, p53-mediated acute apoptosis
of intestinal and hair follicle cells during chemo- or radiotherapy represent a significant side
effect that limits the therapeutic potential [36]. A greater understanding of the mechanisms
underlying the cell type-specific p53 signaling offers potential opportunities for the
development of useful strategies to maximize the tumor killing effect of the therapy while
minimizing the side effects.

It is worth noting that mice harboring R172H or R270H mutations in the p53 gene have a
different tumor spectrum compared to mice with p53 knockout, suggesting a gain of
function of mice with p53 mutations [31-32]. Given the fact that most tumors have p53
mutations rather than p53 deletions, the study of the gain of function of p53 mutantsis very
relevant to tumor biology. However, the underlying mechanisms of this gain of function are
largely unknown. A genome-wide study comparing p53 signaling in wild type, p53 null and
p53 mutant cells may provide insights into these mechanisms.

Decoding p53 regulated transcriptome

Early genome-wide studies suggest that p53 does not only regulates the expression of
protein-coding RNAS, but also changes the expression of non-coding RNAs[9, 37-39].
These non-coding RNAs include microRNAs (miRNAS) and large intergenic noncoding
RNAs (lincRNASs). Using microarrays, the miR-34 family of miRNAs have been shown to
be activated by p53 and involved in cell cycle arrest [37, 40-41]. The first identified p53
regulated lincRNA islincRNA-p21 which isinvolved in the transcriptional repression
mediated by p53 [38]. More recently, another lincRNA called PANDA, located between
[incRNA-p21 and the Cdknla gene, has been identified as a p53 regulated non-coding RNA
[39]. PANDA bindsto NF-Y A transcriptional factor and inhibits its pro-apoptotic function.
Therefore, PANDA is ap53-regulated pro-survival RNA. According to the latest annotation
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from GENCODE [42], the number of non-coding RNASs has bypassed 10,000. Therefore, it
is expected that more non-coding RNAs will be identified as p53 regulated targetsin the
yearsto come, as the deep sequencing technology starts to generate more comprehensive
transcriptome.

Future directions

Two key requirements for implementation of systems biology are the scale and quality of
the measurements [43]. As various genome-wide technologies gradually evolve, the timing
for systems biology in p53 function is also evolving. In addition, single-cell imaging
technology and mathematical models are being adopted for p53 studies [44]. Because p53
signaling is a complex network, true signals underlying p53 functions are mixed with
cellular “noises’. Using the combination of systems biology and genome-wide studies, we
should be able to extract the true signals which are required for devel oping more effective
therapeutic strategies in cancer treatment.

Another areathat needs additional effort is the study of cell type and tissue specific roles of
p53 in a more mechanistic and genome-wide manner. Conventional studies have generated
valuable information about cell type-specific roles of p53. However, they provide little
mechanistic insight into how different cell types respond to p53 activation. Since different
cell types carry the same DNA sequence, epigenetic events may play arole. The NIH
Roadmap Epigenomics project has already started to map DNA methylation and histone
modificationsin various cell types [45]. It will beinteresting to see how epigenetic
landscape and chromatin structure shape p53 signaing in different cell types. Knowledge
gained from these studies may explain how tumors containing the wild type p53 gene escape
from p53-mediated surveillance system.

Non-coding RNAs also play important rolesin p53-mediated cell cycle arrest, apoptosis and
tumorigenesis [39, 46-47]. However, compared to protein-coding RNAS, the regulation of
non-coding RNAs by p53 has not been fully explored. As more powerful genome-wide
approaches, such as RNA sequencing, are adopted for p53 research, there will likely be great
increase in the discovery of p53 regulated non-coding RNASs in the next few years.
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Figure 1. Probing the p53 signaling pathway at a genome wide |level
p53 acts as a hub for many stress signalsin cells. Once being activated, p53 is stabilized and
subject to post-trang ational modifications. It aso recruits co-factors, binds to chromatin and
activates hundreds of downstream targets that include both protein-coding and noncoding
RNAs. These downstream targets will €licit various cellular outcomes, such as cell cycle
arrest, apoptosis, senescence and stem cell differentiation. A new generation of genome-

wide approaches, such as ChlP-seq and RNA-seq, can measure high quality signals of
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chromatin binding, cofactor recruitment, post-translational modifications and p53-regulated

targets.
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