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The p53 tumor suppressor gene is the most frequently mutated gene in cancer. Significant progress has been made to discern the im-
portance of p53 in coordinating cellular responses to DNA damage, oncogene activation, and other stresses. Noncoding RNAs are RNA
molecules functioning without being translated into proteins. In this work, we discuss the dichotomy of p53 regulation by noncoding
RNAs with four unconventional questions. First, is overexpression of microRNAs responsible for p53 inactivation in the absence of p53
mutation? Second, are there somatic mutations in the noncoding regions of the p53 gene? Third, is there a germline mutant in the non-
coding regions of the p53 gene that predisposes carriers to cancer? Fourth, can p53 activation mediated by a noncoding RNA mutation

cause cancer? This work highlights the prominence of noncoding RNAs in p53 dysregulation and tumorigenesis.
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Introduction

The p53 tumor suppressor is known as the ‘guardian of the
genome’. p53 is activated in response to a variety of stress
signals, such as DNA damage and oncogene activation, allowing
p53 to coordinate transcription programs (Vousden and Prives,
2009; Farnebo et al., 2010). As a transcription factor, p53 regulates
the expression of a battery of genes that promote apoptotic cell
death, cell cycle arrest, cellular senescence, metabolism, and
other processes. Loss of p53 function is a common feature in the
majority of human cancers, as somatic mutation in the coding se-
quence (CDS) of the p53 gene (also known as TP53 in human and
Trp53 in mouse) is the most frequent genetic alteration. Almost
75% of the CDS mutations resultin a mutant p53 protein that is de-
fective in its tumor suppression functions; some may exert a
dominant-negative regulation over remaining wild-type (WT) p53
and others acquire oncogenic functions that are independent of
WT p53 (Muller and Vousden, 2013). For >30 years, p53 has
been one of the most studied molecules in oncology, and signifi-
cant progress has been made regarding its role in cancer and
other pathophysiological conditions. Noncoding RNAs (also
known as functional RNAs) are RNA molecules functioning
without being translated into proteins. Although the fundamental
role of noncoding RNAs like rRNA and tRNA in cellular functions
and organismal evolution has been known for decades, only re-
cently have other noncoding RNAs received a remarkable level of
attention from biologists. In this review, we will discuss a new
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frontier in the study of p53 biology, that is, noncoding RNA-based
regulatory mechanisms have a relevant role in p53 dysregulation
and cancer development.

p53 inactivation in the absence of coding sequence mutations—
implications of microRNA deregulation in multiple myeloma

p53 does not function properly in most human tumors, yet p53 is
inactivated via CDS mutations in only about 50% of human tumors.
In many tumors, p53isinactivated indirectly through the amplifica-
tion of the MDM2 gene encoding the murine double minute 2
(Mdm?2) protein or its homolog MDMX, allelic deletion of CDKN2A
encoding the p14**F protein, viral proteins inhibiting p53, or mislo-
calization of p53to the cytoplasm (Vogelstein etal., 2000). Multiple
myeloma is a suitable model to investigate the role of microRNA
overexpression as an alternative mechanism of p53 inactivation
as p53is rarely mutated in this blood cancer. Multiple myeloma
isanincurable neoplasm characterized by an excessive clonal pro-
liferation of abnormal plasma cellsin the bone marrow and overpro-
duction of monoclonal immunoglobulins. Various studies of p53
mutations in multiple myeloma cases with clinical heterogeneity
and small sample sizes (n < 100) have demonstrated p53-mutation
prevalence rates ranging from 0% to 20% (Fonseca et al., 2004).
A comprehensive study with the largest number of newly diag-
nosed multiple myeloma patients reported that p53 mutations
were rare, with only 9 of 268 samples (3%) testing positive (Chng
et al., 2007). Moreover, the incidence of alternative mechanisms
of p53inactivationisrelatively lowin multiple myelomaas summar-
ized (Kumar et al., 2011). Over the past 5 years, we and others
have identified 11 microRNAs (miRNAs) that negatively regulate
p53 expression by directly targeting the 3’ untranslated region
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(3’UTR): miR-25, miR-30d (Kumar et al., 2011), miR-125b (Le et al.,
2009), miR-504 (Hu et al., 2010), miR-380-5p (Swarbrick et al.,
2010), miR-92 (Neveu et al., 2010), miR-141 (Neveu et al., 2010),
miR-1285 (Tian et al., 2010), miR-200a (Becker et al., 2012),
miR-15a, and miR-16 (Fabbri et al., 2011). Strikingly, in at least
one report, expression of 9 of these p53-targeting miRNAs was
higher in multiple myeloma cells than in plasma cells obtained
from healthy donors: miR-25 (Pichiorri et al., 2008; Kumar et al.,
2011), miR-30d (Pichiorri et al., 2008; Corthals et al., 2011;
Kumar et al., 2011), miR-125b (Pichiorri et al., 2008; Lionetti
et al., 2009; Corthals et al., 2011), miR-92 (Pichiorri et al., 2008),
miR-200a (Chi et al., 2011; Corthals et al., 2011), miR-504
(Corthals et al., 2011), miR-141 (Corthals et al., 2011), miR-15a
(Pichiorri et al., 2008), and miR-16 (Pichiorri et al., 2008)
(Figure 1). Interestingly, progression-free survival is improved in
multiple myeloma patients with low expression of DICER, a gene es-
sential for miRNA maturation (Corthals et al., 2011). These data
support the hypothesis that p53 inactivation in multiple myeloma
cells is mediated by miRNA overexpression. It should be noted
that p53-targeting miRNAs are overexpressed in many cancers
other than multiple myeloma. For instance, miR-25 was also
found to be overexpressed in cancers of pancreas, prostate, and
stomach (Volinia et al., 2006).

Multiple myeloma is regarded as an environmental disease, yet
its etiology remains largely unclear. The association of multiple
myeloma with smoking has been investigated, with some studies
suggesting a strong association (Williams and Horm, 1977; Mills
et al.,, 1990), while others refuting this relationship (Fernberg
et al.,, 2007; Castillo et al., 2012; Psaltopoulou et al., 2013).
Multiple myeloma is preceded by monoclonal gammopathy of un-
determined significance (MGUS), which is one of the most
common pre-cancerous conditions afflicting 3% of the population
over 50 years old. MGUS progresses to incurable multiple
myeloma at a relentless rate of ~1% per year (Kyle et al., 2006),
yet little information is available about the molecular events that
mediate this progression. It is notable that p53-targeting
miRNAs, such as miR-25, are also overproduced in MGUS
(Pichiorri et al., 2008). Continued progressin this area of investiga-
tion will open new venues for cancer prevention for millions of
MGUS patients at risk of developing a deadly malignancy. On the
other hand, identifying compounds that inhibit the expression of
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Figure 1 Schematic representation of the potential role of miRNA over-
expression in the etiology of multiple myeloma.
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p53-targeting miRNAs will provide a novel therapeutic option for
patients afflicted with MGUS or multiple myeloma (Figure 1).

Finding all p53 mutations—somatic passenger mutations in the
3'UTR of p53

The mRNA structure of most protein coding genes in mammals
consists of four regions: the 5’UTR, the CDS, the 3’UTR, and a
poly-A tail. However, the vast majority of p53 sequencing efforts
focus onthe CDS (from ATG start codon to the TGA stop codon), par-
ticularly exons 5-9 (Figure 2A). The exons covering the UTRs are
unfortunately neglected. Recently, we completed a systematic ana-
lysis of the p53 UTR in diffuse large B-cell lymphoma (DLBCL)
patients treated with R-CHOP regimen (Li et al., 2013). DLBCL is
chosen because its p53 CDS mutation rate (~20%) is moderate
and our prior study reveals that p53 CDS mutation predicts poor
survival. Hundreds of novel mutations were found in the p53
3’UTR, which occurred at a higher frequency than mutations
observed within the CDS. The seed match binding sites of 8 out
of 11 p53-targeting miRNAs are disrupted by mutations. Using
miR-125b as a case of study, the importance of 3'UTR mutations
in p53 regulation was examined to find that mutations disrupting
the interaction between p53 3'UTR and miR-125b abolished p53
suppression mediated by miR-125b. From an evolutional perspec-
tive, 3’UTR mutations disrupt p53 suppression by miRNAs to
produce more p53 tumor suppressors, which is opposite to
coding mutations that produce oncogenic p53 proteins. 3'UTR
mutations, presumably disfavor for tumor growth, could occur
during B-cell clonal expansion as a self-defense mechanism to
prevent malignant development. We did not find 3'UTR mutations
that lead to the creation of new binding sites for the 11 validated
p53-targeting miRNAs. Yet, there are many sites generated from
these mutations for predicted p53-targeting miRNAs (Li et al.,
2013). Next, patients were divided into two groups by p53 CDS
status to analyze survival in relation to 3’UTR mutations. In the
presence of WT CDS, patients without 3'UTR mutations seemed
to have poorer survival than those with 3’UTR mutations, but the
difference was not statistically significant. When 5-year survival
rates were calculated, 3'UTR mutations conferred better overall
survival in patients with WT CDS. In contrast, patients with both
mutant CDS and 3’"UTR mutations had poorer survival than patients
with mutant CDS and no 3’UTR mutations (Figure 2B). Indeed, all
patients with both mutant CDS and 3’UTR died within 76 months
after diagnosis (Li et al., 2013). These findings identified the p53
3’UTR as a prognostic indicator of survival in DLBCL patients that
is dependent on the status of the CDS, and further investigation
isneeded to ascertain the role of the 3’UTR alterations in p53 regu-
lation and cancer prognosis.

In the past decade, comprehensive deep sequencing has
revealed the coding genomic landscapes of common forms of
human cancer, including DLBCL. For most cancer types, this land-
scape consists of mutations in ~50 genes. These mutations are
classified into two groups: a driver mutation that directly or indir-
ectly confers a selective growth advantage to the cell in which
the mutation occurs, and a passenger mutation that has no effect
on tumor cell growth. As such, driver mutations are believed to
play major roles in tumorigenesis and cancer progression, while
passenger mutations are assumed to be biologically neutral and
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Figure 2 Differential impacts of mutations in the CDS or the 3'UTR of the p53 gene. (A) Schematic representation of the p53 reference mRNA.
(B) 3'UTR mutations in DLBCL prognosis are dependent on the status of the CDS.

pathologically irrelevant. In DLBCL, three exome sequencing
efforts have reported that the overall load of tumor-acquired muta-
tions range from 16 to 135 (Morin et al., 2011; Pasqualucci et al.,
2011; Lohr et al,, 2012). Mutations in the p53 CDS occur in
~20% of DLBCL cases and those with p53 mutations had worse sur-
vival compared with those without mutation regardless of the treat-
ment or disease subtype (Xu-Monette et al., 2012). These findings
suggest that p53 CDS mutations are driver genetic alterations. In
contrast, somatic mutations in the p53 3'UTR enhance neither
tumor initiation nor progression, but render tumors less aggressive
intrinsically and/or more susceptible to treatment. On the other
hand, when patients have a mutant p53 CDS, 3'UTR mutations
reduce the suppression mediated by miRNAs and subsequently in-
crease the expression of oncogenic p53, causing poor survival
(Figure 2B). On the basis of computer-aided simulation, it was pro-
posed that passenger mutations could have deleterious effects on
cancer progression (McFarland et al., 2013). The study of p53 CDS
and 3’UTR mutations provides experimental evidence to support
the idea that driver mutations and passenger mutations occur in
the same gene (p53) and that passenger mutations can significant-
ly impact cancer prognosis.

A unique noncoding germline variant of p53—rs78378222 as a
model to study omnipresent low-penetrance cancer risk alleles
The p53locus spans ~20 kb in the human genome and germline
mutations in the p53 CDS cause Li—Fraumeni syndrome (LFS).
There are over 200 naturally occurring germline variants of p53in
human populations with few causing measurable perturbation of
p53 function (Whibley et al., 2009). More than 90% of p53 variants
occurin10intronsallegedto have no cancer-related biological con-
sequences. None of the 20 germline variants in the p53 CDS have
been reproducibly linked to cancer predisposition (Whibley et al.,

Table 1 Association between rs78378222[C] and cancers.

Cancers Frequency (%)? OR
Colon adenoma 1.85-1.92 1.39
Prostate cancer 0.28-1.92 1.44
Glioma 0.87-1.92 2.35
1.1 3.54
1.3 3.74
Skin basal cell carcinoma 0.46-1.92 2.16
Esophageal squamous cell carcinoma 1.0 3.22

“The frequency of the C allele in general population (controls). Risk association to
glioma is found in three studies.

2009; Palmero et al., 2010). Genome-wide association studies
(GWAS) reported no significant association between any germline
p53 polymorphism and any cancer with a P-value <10~ 7 (a thresh-
old for genome-wide significance) until a single nucleotide poly-
morphism (SNP) rs78378222 was found to be associated strongly
with skin basal cell carcinoma with an odds ratio (OR) of 2.16
(P=2.2 x 10729 (Stacey et al., 2011). This SNP is located in the
3’UTR of p53 mRNA, changing the polyadenylation signal (PAS)
AATAAA to AATACA, resulting in impaired 3’-end processing of
p53mRNA. Further investigation revealed its association with pros-
tate cancer, glioma, and colorectaladenoma. Later, the association
between this SNP and glioma was independently confirmed (Egan
et al., 2012; Enciso-Mora et al., 2013), and its association with
esophageal squamous cell carcinoma was also reported (Zhou
etal., 2012; Lietal., 2013) (Table 1). However, this p53 noncoding
variant is not related to breast cancer, a common LFS tumor; and at
least in non-Hispanic Caucasians, this SNP does not increase the
susceptibility to melanoma, squamous cell carcinoma of head
and neck, and lung cancer (Guan et al., 2013). Stacey et al.
(2011) showed that rs78378222[A/C] heterozygotes (n=7)
expressed ‘somewhat less’ p53 transcript than WT homozygotes
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in human blood specimens (P = 0.041). We tested the role of the
alternative PAS in p53 regulation using a p53-null cell line H1299
with exogenous p53 constructs. The C allele, when compared
with the A allele, dramatically lowered p53 mRNA levels and
resulted in reduced p53 protein expression and cellular apoptosis.
This finding provides direct evidence that rs78378222 negatively
impacts p53 expression and function and is in agreement with pre-
vious reports that simian virus 40 mRNA with AATACA as PAS exhi-
bits an 8-fold decrease in cleavage efficiency compared with the
canonical site (Wickens and Stephenson, 1984). As rs78378222
occurs in the p53 PAS, none of the downstream p53 protein modi-
fications are affected. Thus, this variant presents a unique instance
of p53 alleles with unambiguous reduced-function, in contrast to
most CDS mutants that are associated with a ‘loss-of-function’
and/or a ‘gain-of-function’ (Oren and Rotter, 2010).

The architecture of inherited cancer genetic susceptibility shows
a montage of predisposition alleles with different levels of risk and
prevalence in the population (Fletcher and Houlston, 2010). At one
end of the spectrum are very-rare to rare frequency, high-
penetrance, causative variants with risk allele frequencies typically
<0.1% and cancer risks as high as 10%—-20%. At the other end are
common low-penetrance susceptibility alleles with risk allele fre-
quencies >5% and OR of 1.1-1.6 (Figure 3). The p53 PAS variant
is uniquely positioned among cancer susceptibility alleles
(Hindorff et al.,, 2011) and characterized by: (i) low frequency
(~2% in the general populations), (ii) intermediate cancer risk
(OR 1.39-3.54; Table 1), and (jii) predisposing carriers to multiple
types of cancer. It is notable that cancer susceptibility of this p53
PAS variant does not strictly mirror that of p53 CDS germline muta-
tions (LFS patients develop predominantly breast cancer, brain
tumors, acute leukemia, sarcoma, and adrenal cortical carcinoma)
(Lalloo et al., 2003; Gonzalez et al., 2009). Virtually all low-
penetrance cancer susceptibility alleles implicated by GWAS with
OR 1.1-1.6 are located in noncoding regions of the human
genome (Hindorffetal., 2011). There are few mouse models gener-
ated for these variants to test the biological and functional rele-
vance because it is difficult and often impossible to identify a
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mouse ortholog at the nucleotide level. Given the conservation of
p53 PAS between human and mouse, generating a mouse model
of this p53 germline variant affords an opportunity to test the caus-
ality of low-penetrance genetic alleles in cancer. Within this
context, p53*/*, p53™/~, and p53 /" mice displayed different
tumor spectra from each other (Donehower and Lozano, 2009)
and from mice with LFS mutations (Olive et al., 2004). As the p53
PAS alleles have residual p53 expression and activity, it is likely
that tumor profiles from mice carrying the PAS variant will be differ-
ent from those of mice with other p53 alleles. Therefore, a mouse
model of this p53 germline noncoding variant will offer novel
insights into the impact of distinct p53 gene dosages and tumor
spectra for potential cancer prevention and intervention research.

p53 activation in ribosomopathies and cancer predisposition

In 1999, recurrent mutations in a ribosomal protein gene,
RPS19, were reported in patients with Diamond—Blackfan anemia
(DBA), a rare congenital bone marrow failure syndrome (BMFS)
(Draptchinskaia et al., 1999). Since then, mutations in other riboso-
mal protein genes have been identified in up to 50% of patients with
DBA. In addition, other congenital syndromes, Schwachman-—
Diamond syndrome, X-linked dyskeratosis congenita (DKC), cartil-
age—hair hypoplasia (CHH), and Treacher Collins syndrome (TCS),
have been linked to defects in ribosome biogenesis. In the 5~ syn-
drome, a subtype of adult myelodysplastic syndrome, acquired hap-
loinsufficiency for RPS14 was found to be causative (Ebert et al.,
2008). Liu and Ellis (2006) summarized this group of disorders and
pointed out their association with ribosome biogenesis with a hy-
pothesis that defects in ribosomal biogenesis underlie bone
marrow failure, and 4 years later Narla and Ebert (2010) coined
the term ‘ribosomopathies’. All of the above mentioned diseases
except TCS have manifested hematological defects (Table 2).
Among ribosomopathies, CHH is unique as it is the only one with a
mutant noncoding RNA gene called RMRP (Ridanpaa et al., 2001).
In addition, CHH is associated with five other noncoding RNAs: the
precursor rRNA, the mitochondrial RNA, the 5'UTR of the CLB2
mRNA, the endogenous siRNAs from double-stranded RMRP RNA,
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Figure 3 Risk allele frequency and effect sizes for genetic polymorphisms associated with cancer. Allele frequencies and odds ratios are taken from
Hindorff et al. (2011) and are not portrayed to scale. Please be noted that alleles are associated with increased risk of different types of solid
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Table 2 Cancer predisposition and bone marrow failure in ribosomopathies.

Deng et al.

Disease Gene Gene function p53 Cancer BMFS Other clinical features
activation  predisposition
Cartilage—hair RMRP RNase MRP in processing the A3 ? Non-Hodgkin’s Macrocytic anemia and Dwarfism and hypoplastic
hypoplasia site of pre-rRNA, a component lymphoma and defective proliferation hair
of the RMRP-TERT complex basal cell of T- and/or B-cells
carcinoma
59~ syndrome RPS14 pre-rRNA processing of the 18S Yes Acute myeloid Macrocytic anemia Hypolobulated
rRNA, formation of the 40S leukemia micromegakaryocytes
ribosome subunit
Diamond— RPS19 and pre-rRNA processing of the 18S ? Acute myeloid Macrocytic anemia and Growth retardation and
Blackfan other rRNA, formation of the 40S or leukemia and myelodysplastic craniofacial defects
anemia ribosomal 60S ribosome subunit osteosarcoma syndrome
protein
genes
Shwachman- SBDS 60S ribosome subunit joining/ ? Acute myeloid Anemia and Pancreatic insufficiency,
Diamond transportation leukemia thrombocytopenia growth defect, and
syndrome neutropenia
X-linked DKC1 rRNA modification ? Acute myeloid Cytopenias in the bone Oral leukoplakia, abnormal
dyskeratosis (pseudo-uridylation), a leukemia and marrow skin pigmentation, and
congenita component of telomerase head and neck nail dystrophy
tumors
Treacher Collins  TCOF1 Transcription of ribosomal DNA Yes None reported No hematologic Craniofacial defects
syndrome and methylation of rRNA abnormalities
A B
rRNA o
Ril
Pre-rRNA (A3 site Mito RNA (a primer SR e m‘
processing and for mito DNA
ribosome assembly) replication) ﬁé
Normal
. P53 activation
5'UTR of CLB2 RfM RP-TERT (siRNAs /
rom dsRMRP and
mRNA (cell cycle) TERC) @@\WW / \
Anemia Cancer
(Apoptosis?) (Compensatory
mutation?)
Ribosomopathies

Figure 4 Ribosomopathies and p53 activation. (A) CHH is a genetic disease associated with multiple noncoding RNAs. (B) A proposed model of p53
activation in response to ribosome disassembly. In normal cells, ribosomes are assembled from rRNAs and ribosomal proteins and Mdm2 ubiqui-
tinizes p53 for its degradation. When nascent ribosome biogenesis is disrupted, ribosomal proteins (such as RPL11) bind to MDM2 (with 5S rRNA),

leading to p53 accumulation.

and the TERC RNA (Figure 4A). The Rmrp RNA has multiple functions
associated with these noncoding RNAs. (i) It forms an endoribonu-
clease RNase mitochondrial RNA processing (RNase MRP) enzyme
complex with multiple proteins in the nucleolus to process the pre-
cursorrRNA at the A3 site. This function has only been demonstrated
unequivocally inyeast (Lygerou et al., 1996; Martin and Li, 2007). (i)
In mitochondria, the RNase MRP enzyme processes primer mito-
chondrial RNA for the leading-strand origin of mitochondrial DNA
replication; and this is experimentally validated in both yeast
(Saccharomyces cerevisiae) and mice (Chang and Clayton, 1989;
Schmitt and Clayton, 1992). It has been recently found that yeast nu-
cleolar RNase MRP and mitochondrial RNase MRP enzymes are dis-
tinct entities with differing activities and protein components, but

sharing the same RMRP RNA (Lu et al., 2010). (iii) During mitosis, nu-
cleolar RNase MRP localizes to the cytoplasm and forms a temporal
asymmetric MRP body that processes the 5'UTR of the cyclin B2
mRNA to regulate cell cycle progression (Gill et al., 2004). (iv) The
RMRP RNA forms a complex with the catalytic subunit of telomerase
(TERT), which acts as an RNA-dependent RNA polymerase to synthe-
size the reverse strand of the RMRP RNA. The resultant double-
stranded RNAs can be processed by DICER to generate endogenous
siRNAs, causing downregulation of RMRP (Maida et al., 2009) and
possibly other genes (Maida et al., 2013). The proliferative function
of TERT is shown to be dependent on the RMRP-TERT complex
(Mukherjee et al., 2011). It is notable that DKC1 (the causative
gene for X-linked DKC) is a part of telomerase. Rosenbluh et al.



p53 regulation by noncoding RNAs

(2011) have knocked out the RMRP allele in mice and found that het-
erozygous mice are phenotypically normal whereas homozygous
RMRP-null mice are embryonic lethal. This is consistent with the
finding that there are no homozygous RMRP-null alleles in CHH
patients (Martin and Li, 2007) and that CHH is an autosomal reces-
sive disease (McKusick et al., 1965). It would be intriguing to see
whether mice with point mutations in the RMRP gene would pheno-
copy human counterparts including bone marrow failure and cancer
predisposition.

The direct link between ribosomopathies and p53 activation
comes from the study of TCOF1 mutant mice. Mice haploinsufficient
for TCOF1 exhibit diminished production of ribosomes and decreased
proliferation of both neural ectoderm and neural crest cells (Dixon
et al., 2006). Remarkably, chemical and genetic inhibition of p53 ac-
tivity in these mice prevents craniofacial abnormalities (Jones et al.,
2008). The idea that p53 activation underlies the pathology of riboso-
mopathies is further advanced with studies on 5q~. Mice with 5q~
display macrocytic anemia, prominent erythroid dysplasia, and
monolobulated megakaryocytes in the bone marrow (Barlow et al.,
2010). Intercrossing with p53-deficient mice completely rescued
bone marrow defects, providing strong evidence to suggest that a
p53-dependent mechanism underlies the pathophysiology of the
59  syndrome (Barlow et al., 2010). In cultured cell models,
MDM2, along with 5S rRNA, binds multiple free ribosomal proteins,
including RPL5, RPL23, RPL11, RPS7, and RPL26, and this binding
inhibits Mdm2 function and increases the accumulation of p53 and
the p53 transactivational activities in the nucleus (Figure 4B)
(Zhang and Lu, 2009). This suggests that p53 activation could also
underlie the pathology of DBA and other ribosomopathies beyond
597, yet animal models are needed to provide conclusive evidence.

In addition to anemia, a common clinical feature among patients
with ribosomopathies is cancer predisposition (again, with the ex-
ception of TCS, Table 2). How does p53 activation lead to increased
cancer risk in these patients? Amsterdam et al. (2004) screened a
zebrafish mutant library and identified 12 lines with elevated
cancer incidence, 11 of which were heterozygous for a mutation
in a different ribosomal protein gene. Furthermore, tumor profiles
of these zebrafish lines closely resembled that of p53-null zebra-
fish. In an ensuing study, it was found that p53 synthesis is
impaired in tumors from zebrafish with ribosomal haploinsuffi-
ciency, yet there is neither mutation in the p53 CDS nor detectable
gene amplifications of MDM2 or deletions of CDKN2A (Maclnnes
etal., 2008). ‘Super p53’ mice were generated with supernumerary
fully functional copies of the p53 gene and these animals were pro-
tected from carcinogen-induced tumorigenesis and showed no
increased cancer incidence (Garcia-Cao et al., 2002). Collectively,
these data suggest unknown novel functions of ribosomal
protein genes in addition to p53 activation induced by nucleolar
stress. One potential mechanism of cancer predisposition in ribo-
somopathies is that cells accumulate somatic mutations to com-
pensate unwanted p53-medicated apoptotic death (Figure 4B).

Conclusions and future directions

Despite intensive and fruitful investigations on p53 since its dis-
covery >30 years ago, there are still many unresolved mysteries
surrounding this master tumor suppressor. Intriguing paradoxical
findings have been extensively reported in the history of p53
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research. First, WT p53 is a tumor suppressor, whereas at least a
portion of mutant p53 proteins are oncogenic. Second, p53 defi-
ciency in mice leads to earlier onset of tumorigenesis and signifi-
cantly shortens their life span (Donehower and Lozano, 2009),
yet hyperactive mutant p53 and extra copies of p53 shorten life
span in mice (Tyner et al., 2002; Maier et al., 2004). Third, patients
with ribosomopathies have abnormal p53 activation, yet they are
susceptible to cancer. In this review, we discuss the role of cancer-
related noncoding RNAs in p53inactivation and activation. Based on
miRNA expression profiles, we postulate that in multiple myeloma
with few p53 CDS mutations, partial p53 inactivation is mediated
by overexpression of p53-targeting miRNAs. This alternative mech-
anism of p53 inactivation is critical for p53-dependent therapeutics
and implicated in other cancers with WT p53 CDS. With information
about 3'UTR mutation in lymphoma, a personalized prognosis and
regimen based on the mutational status of both the UTR and CDS
regions of p53 will be preferred. Therapeutics to increase p53
mRNA and protein levels could be applied to patients with WT
CDS. In patients with p53 CDS mutation, reducing endogenous
p53 expression or targeting the mutant p53 protein (Yu et al.,
2012) might improve survival. As virtually every individual carries
a low-penetrance cancer risk allele, a mouse model of the p53 non-
coding variant (rs78378222) represents a unique opportunity to
study the majority of cancers involving the interaction of genes
with the environment, particularly in instances involving common
low-penetrance variants that increase cancer risk moderately, and
yet occur at higher frequencies in the population. As provocative hy-
potheses have been proposed to link p53 activation to cancer sus-
ceptibility in ribosomopathies including CHH that is caused by a
noncoding RNA mutation, itis possible that other physiological func-
tions are disrupted and/or compensatory genetic or non-genetic
alterations are initiated due to ribosome biogenesis abnormality
and p53 activation. Further dissection of noncoding RNAs in the
p53 pathway at the molecular and cellular level and by using
mouse models will gain insights into the underlying mechanisms
of ribosomopathies and devise novel avenues in drug development
against cancer and other p53-associated diseases.
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