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MicroRNAs, wild-type and mutant p53
More questions than answers
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The tumor suppressor p53 is a sequence-specific transcription
factor that activates the expression of genes involved in
apoptosis, cell cycle arrest and senescence. p53 can also inhibit
gene expression and this effect is partly mediated by inducing
several microRNAs (miRNAs). MiRNAs have emerged as a new
class of regulators of the expression and function of eukaryotic
genomes. Tumor suppressive or oncogenic functions have
been attributed to some miRNAs. Recent studies have shown
that p53 can alter the transcription of several miRNAs, and
in some cases, it can also influence miRNA maturation.
Conversely, miRNAs can also modulate the abundance and
activity of p53 by direct or indirect mechanisms. Moreover,
mutant p53 can actively repress the expression of some
miRNAs that are activated by wild-type p53. In this review, we
discuss recent evidences of this crosstalk between miRNAs and
the p53 network and also highlight its implications in cancer.

Introduction

RNA interference (RNAI) is a naturally occurring gene-silencing
phenomenon that occurs in fungi, plants and animals. MiRNAs
are the predominant and most widely studied class of endoge-
nous small non-coding RNAs that post-transcriptionally silence
gene expression through the RNAI pathway."* MiRNAs control
diverse biological processes from nematodes to mammals, pre-
dominantly by binding to the 3' untranslated region (UTR) of
target mRNAs./'® Many miRNAs are evolutionarily conserved
in several organisms: almost 50% of C. elegans miRNAs have
homologs in humans, suggesting important roles for these tiny
molecules in essential biological processes.”! To date, 1527 dis-
tinct precursors and 1921 mature miRNAs have been identified
in humans (miRBase version 18), and majority of protein-coding
genes are miRNA targets.””" Each miRNA can regulate hun-
dreds of genes and each gene can be regulated by multiple miR-
NAs, resulting in complex combinatorial post-transcriptional
regulation of gene expression.'s

Inappropriate repair of damaged DNA in a normal cell can
lead to oncogene activation which in turn can drive cell prolifera-
tion and/or survival in the absence of physiological stimuli.’” In
response to DNA damage, the tumor suppressor p53 is induced
and causes growth arrest or apoptosis, depending upon the extent
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of DNA damage."®' In about 50% of human cancers, p53 func-
tion is compromised mainly due to deletion or point mutations
in the 7p53 gene.”*** Therefore, the mechanisms by which
p53 achieves tumor suppression have been subject to intense
investigation.

Majority of the downstream effects of p53 activation are medi-
ated through its intrinsic effects as a transcription factor that reg-
ulates the expression of a wide variety of genes.”* The cellular
effects of p53 are partly mediated by its ability to upregulate anti-
proliferative and proapoptotic genes such as p21 (G, arrest), 14-3-
30 (G, arrest) and PUMA (apoptosis). Interestingly, p53 also
suppresses the expression of numerous genes® including those
involved in regulation of cell proliferation®*?’ and apoptosis.*® In
other words, the p53 transcriptional response involves both acti-
vation and repression of hundreds of genes. In addition to direct
effects of p53 on the promoters of protein-coding genes, p53 acti-
vation has recently been shown to modulate the expression of
miRNAs, which in turn, can dampen the expression of hundreds
of proteins. The miRNAs upregulated by p53 could provide an
attractive mechanism to explain post-transcriptional inhibition
of gene expression upon p33 activation. Such a mechanism may
be particularly important during the stress response since it does
not require the translation of effector proteins and may facilitate
regulation of numerous processes by p53. Furthermore, miRNAs
can also regulate p53 itself by direct or indirect mechanisms, sug-
gesting that miRNAs are key components of the p53 network.
Here, we provide an overview of the expanding universe of the
p53 master regulatory network and discuss the potential roles of
the crosstalk between miRNAs and p53 in tumor suppression
and cancer prevention.

miRNA Biogenesis and Mechanism of Action

Mature miRNAs are ~-22 nucleotides (nt) long, but these func-
tional, single stranded molecules are the products of a complex,
multistep processing mechanism. Endogenous miRNA-coding
loci may be embedded in the exons or introns of other genes or in
intergenic regions. Early studies suggested that majority of miR-
NAs are intergenic but it is now clear that miRNAs are generally
located in the intronic regions of protein-coding or non-coding
genes.'3%2 Cleavage of the intron during miRNA biogenesis does
not impact splicing of the host gene because it occurs between
the splicing commitment step and the intron excision step. Thus,
excision of miRNA from an intron and mRNA splicing is a
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highly regulated process to ensure proper miRNA biogenesis and
protein synthesis from a single primary transcript.

Nearly 50% of human miRNA loci are found clustered near
other miRNAs, and these clusters are transcribed together as
polycistronic transcriptional units.?® Transcription of miRNAs
may be contextually dependent on the promoters of surrounding
genes or by discrete, miRNA-specific promoters. In most cases,
transcription of miRNAs is mediated by RNA polymerase 1II,
which generates a primary transcript several kilobases in length
that contains stem-loop structures. This stem-loop structure is
initially processed in the nucleus by the RNaselll Drosha, its
cofactor DGCRS8 and several other proteins that together form
the microprocessor complex.'** The product of Drosha cleavage
is a precursor hairpin miRNA (pre-miRNA), which is exported
to the cytoplasm by the nuclear transporter exportin® in asso-
ciation with the GTP-bound form of Ran-GTPase. In the cyto-
plasm, the pre-miRNA undergoes its final cleavage step, with the
RNase Dicer cutting the hairpin near its terminal loop, yielding
a 22 nt miRNA duplex composed of a guide strand and a pas-
senger strand.” The strand with relatively less stable 5' base pairs
is selected as the guide strand and will go on to interact with the
target mRNA while the passenger strand is generally degraded.*

To silence gene expression, miRNAs are assembled into a
RNA-induced silencing complex (RISC) consisting of several
components including Dicer, Argonaute proteins, TRBP and the
dsRNA-binding protein PACT. Base-pairing of miRNAs to tar-
get mRNAs results in mRNA degradation and/or translational
suppression. The ability of a miRNA to suppress gene expres-
sion largely depends on the complementarity between the target
mRNA 3'UTR and positions 2—8 of the 5' end of the miRNA,
known as seed sequences,**”** but some 3'UTRs can also be reg-
ulated by seed-independent mechanisms.*>#' As a consequence
of imperfect base-pairing between the miRNA guide strand and
its target mRNA, a single miRNA can suppress the 3'UTRs of
hundreds of genes'>%% but this regulatory promiscuity also
makes identifying miRNA targets challenging.** Although miR-
NAs predominantly act by binding to the 3'UTR, there is evi-
dence in support of a functional role for miRNA binding sites
in the coding region, though the effects are weaker than for sites
in the 3'UTR.®* Irrespective of the location of the miRNA-
binding site within the target mRNA, most early studies showed
that mammalian miRNAs inhibited gene expression by suppress-
ing translation. However, recent studies suggest that mamma-
lian miRNAs mainly modulate mRNA stability.'>#*>**! Finally,
greater than 50% of human genes are thought to be directly tar-
geted by miRNAs, and the indirect effects extend even further,
indicating that miRNAs have an important and well-conserved
role in regulating global gene expression.

Dysregulation of miRNAs in Cancer

The expression of miRNAs is perturbed in cancer cells compared
with corresponding normal tissues. MiRNAs can act as tumor
suppressor genes or oncogenes and can have key functions in
tumorigenesis and tumor progression.”>®" The first link between
miRNAs and cancer was provided by genetic studies of chronic
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lymphocytic leukemia (CLL) in which the breakpoint of a CLL
translocation was found to map to the miR-15a-16-1 locus at
chromosome 13q14, a region typically deleted in CLL.%? Genetic
deletion of this locus in mice causes CLL and other lymphopro-
liferative disorders.> Several other tumor suppressor miRNAs,
including members of the /ez-7 family map to fragile sites and
are deleted in some breast, lung, ovarian and cervical cancers.
Oncogenic miRNA loci such as the miR-17-92 and miR-1066-25
clusters are frequently amplified in some cancers.®® Although
these studies emphasize the importance of specific miRNAs act-
ing as tumor suppressors or oncogenes, global downregulation of
miRNAs is a frequent event in human cancers.®*

Recent studies have identified tumor-specific genetic defects
in the miRNA-processing machinery, such as the genes encoding
TARBP2,% Dicer 1 * and exportin 5.% Alterations in maturation
of specific miRNAs can also cause changes in miRNA expression
in cancer. For instance, in undifferentiated tumors maturation
of the tumor suppressor /et-7 is blocked by the RNA-binding
proteins LIN28 and LIN28B.”’ These findings underscore the
relevance of the miRNA-processing machinery in cellular trans-
formation, and defects in these mechanisms may contribute to
miRNA dysregulation in cancer. In addition to genetic changes,
dysregulation of miRNAs in cancer can also be mediated by
epigenetic changes.” For instance, in some cancers, miR-200 7!
and miR-127 7* are aberrantly silenced by alterations in promoter
methylation.

Finally, the same transcription factors that control mRNA
expression can also regulate miRNA transcription. For instance,
the proto-oncogene MYC activates the miR-17-92 cluster and
causes widespread downregulation of miRNA genes includ-
ing tumor suppressor miRNAs such as miR-15a/16-1, miR-34a
and let-7 family members.”>” Interestingly, suppression of let-7
by MYC is not due to altered transcription of let-7 genes” but
instead, is mediated by transcriptional induction of Lin28B by
MYC, which in turn, results in inhibition of maturation of let-7
family of miRNAs. It appears that the MYC-regulated miR-
NAs affect virtually all aspects of the MYC oncogenic program,
including proliferation, survival, metabolism, angiogenesis and
metastasis.”® Besides MYC, other key proteins involved in tran-
scriptional regulation, including E2F1,777¢ ZEB1 7% and p53

also regulate the transcription of several miRNAs.*'4

Transcriptional Regulation of miRNAs by p53

In the p53 tumor suppressor network, many of the functions
normally associated with p53 may also be executed by miRNAs.
As a transcription factor, p53 directly regulates the transcrip-
tion of a growing number of miRNAs (Fig. 1), acting both as a
transactivator of tumor-suppressive miRNAs and a repressor of
some oncogenic miRNAs. MiRNAs upregulated by p53 often
target anti-apoptotic and pro-proliferative genes, thus reinforc-
ing the function of p53,% or they may even feedback to regulate
p53 itself.¥ It is not yet clear whether miRNAs are impor-
tant for initiating the effects of p53 or for maintaining them.
Further research will be needed to understand the role miRNAs
play in mediating cell death and tumor suppression in the p53

Volume 9 Issue 6

. Do not distribute

lI0Science

©2012 Landes B



response.’®% It is already evident that our current understanding
of p53 will continue to change as more interactions with miR-
NAs are discovered.

miRNAs Transcriptionally Upregulated by p53

The miR-34 family was among the first to be connected with
p53 and has since been the subject of intense study in relation to
cancer. In mammals, the miR-34 family consists of three miR-
NAs encoded by two loci: miR-34a is transcribed independently
whereas miR-34b and miR-34c share a primary transcript. Both
miR-34a and the miR-34b/c polycistron have p53-responsive ele-
ments in their promoter regions.®! Because the p53 protein binds
to DNA in a sequence-specific manner and generally activates
proximal genes in trans, the genes it transcriptionally regulates
can often be found by chromatin immunoprecipitation (ChIP).
Genome-wide ChIP for p53 initially revealed putative binding
sites proximal to many miRNAs.” The presence of p53 binding
sites upstream of both miR-34 family loci suggested a conserved
and functionally significant role for miR-34 in the p53 pathway.
This miRNA family plays a key role in mediating the anti-pro-
liferative and pro-apoptotic effects of p53 by targeting cell cycle
genes and proto-oncogenes.®* After forced expression of miR-
34, upregulated genes were enriched for those classified in gene
ontology as cell cycle, DNA repair, mitotic checkpoint and DNA
integrity checkpoint. Downregulated transcripts were enriched
for cell proliferation and angiogenesis genes. Significantly, p53 is
known to activate and repress these same gene categories.” Using
a novel biochemical approach to identify miRNA rtargets, we
have recently uncovered the cellular transcripts bound by miR-
34a.”? We found that miR-34a plays a critical role in growth fac-
tor signaling and regulates a network of genes involved in cellular
proliferation and cell survival.

Although miR-34 was one of the first miRNA families shown
to be regulated by p53, the downstream targets of miR-34 in
response to DNA damage are less well known. Recently, the
p53-miR-34 axis has been shown to regulate Snail-dependent
epithelial-to-mesenchymal transition (EMT).”* EMT is a devel-
opmental program that may be reactivated in some cancers,
allowing for epithelial cancer cells to adopt a more mobile mesen-
chymal phenotype and spread to distant sites. The miR-34 fam-
ily members have been shown to directly target Snaill, a known
regulator of cell motility and matrix metalloproteinase activity.
It should also be noted that miR-34 can also be regulated by
p53-independent mechanisms; miR-34a is dramatically induced
during megakaryocyte differentiation of K562 cells (which do
not express p53).”* Another example of p53-independent miR-34
function is the recent finding that MYC overexpression can over-
ride p53 regulation of miR-34. MYC and miR-34 are partners in
a reciprocal negative feedback loop: miR-34 targets MYC, while
MYC represses miR-34 transcription.”” miR-34 expression is
often lost in many human cancers, either as a result of p53 muta-
tion or deletion of the miR-34a locus at 1p36.5” Changes in miR-
34 levels may cause dramatic reprogramming of gene expression
and push the cell decisively toward apoptosis (increased miR-34)
or survival (decreased miR-34).
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Figure 1. Regulation of miRNA biogenesis by p53. p53 enhances the
expression of miRNAs including miR-200, miR-34 and miR-16. Dur-

ing DNA damage, p53 transcriptionally activates miR-34 family and
post-transcriptionally upregulates miR-16. These miRNAs, inhibit the
expression of several genes involved in cell proliferation and survival.
Basal p53 levels can also regulate miRNAs such as the miR-200 family to
inhibit EMT. By inducing miRNAs, p53 can exert its tumor suppressive
function to inhibit tumor initiation and progression.

While miR-34 has recently been implicated in EMT via the
Snaill pathway, the miR-200 family consisting of 5 miRNAs
(miR-200a—c, miR-141 and miR-429) has been known for some
time to play an important role in regulating EMT by downreg-
ulating Zebl and Zeb2.7%” Zebl and Zeb2 repress E-cadherin
transcription and decreased E-cadherin expression is a hallmark
of EMT. Not only do all the members of the miR-200 family tar-
get Zebl and Zeb2, but ectopic expression of miR-200s in mesen-
chymal cells can trigger a reverse EMT or MET (mesenchymal to
epithelial transition) consistent with restored E-cadherin expres-
sion.”*?® This reversion from a motile mesenchymal phenotype
back to an epithelial phenotype is thought to be necessary for the
final colonization steps of the metastatic process. p53 binds to a
sequence in the miR-200¢ promoter to transactivate miR-200c
(Fig. 1).”” By knocking down p53 in human mammary carcinoma
cells (MCF12A), this study showed that p53 expression correlates
directly with an epithelial phenotype. Expression of miR-200c in
p53 knockdown cells mitigated the loss of p53 and suppressed
EMT and stem cell phenotypes. Additionally, miR-200c was seen
to directly target the 3'UTR of the polycomb gene BMII, sug-
gesting that p53 can act through miR-200 to regulate both EMT
and stem cell phenotypes. Another recent study expanded on this
finding to show that p53 can also regulate EMT through miR-
200a, miR-200b and miR-192.%° Shortly after these reports, p53
and miR-200 were also found to control EMT and invasion by
a mechanism independent of Zeb1/2 and E-cadherin. miR-200
family expression correlates positively with metastasis in human
breast cancers, which seems counterintuitive given its previously
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reported role as a suppressor of EMT. However, Korpal etal. found
that by targeting the mRNA of the membrane secretory protein
sec23a, miR-200 inhibits the secretion of anti-metastatic factors
such as Igfbp4 and Tinagll1.""! Therefore, miR-200 seems to have
a biphasic role in the metastatic cascade: in the initial stages of
invasion and intravasation, low miR-200 expression favors tumor
progression by decreasing E-cadherin and increased motility; in
later stages, high miR-200 levels promotes metastatic coloniza-
tion. These data support and help explain an earlier study that
showed miR-200 expression to be elevated in metastatic breast
102 and

that enforced miR-200 expression conferred metastatic capabil-

cancer cell lines relative to isogenic non-metastatic cells

ity to a non-metastatic cell line. The case of miR-200 illustrates
the difficulty in classifying some miRNAs as tumor suppressive
or oncogenic simply by looking at the changes in its expression.

Although several groups have demonstrated changes in
miRNA expression following the induction of p53, it is impor-
tant to consider the method of p53 induction that was employed.
Studies using doxorubicin or other genotoxic agents to induce
p53 expression also cause non-specific effects associated with
DNA damage. An alternate method of modulating p53 levels
entails the use of the pharmacologic agent nutlin-3, which inhib-
its the interaction of p53 with its antagonist MDM2. Several
recent reports have established that a different set of miRNAs
are upregulated by p53 in response to nutlin-3 as compared with
those elevated in the context of DNA damage. The miRNA
clusters consisting of miR-192, miR-194 and miR-215 were
upregulated after p53 activation by nutlin-3 in the sarcoma line
SJSA.% In this system, the change in miR-194 cluster expres-
sion in response to p53 activation was even more profound than
that of miR-34—the poster-child of p53-inducible miRNAs.
Pichiorri and Croce, et al. conducted a similar study in cell lines
and samples derived from multiple myeloma and found strong
upregulation of miR-192, miR-194 and miR-215 after treatment
with nutlin-3. However, of these miRNAs, only miR-194 was
differentially expressed between multiple myeloma cell lines
with wild-type or mutant 7P53. Significantly, the core promoter
region for the miR-194-192 cluster is hypermethylated in mul-
tiple myeloma, suggesting that clonal selection favors silencing of
these miRNAs. Functionally, miR-192, miR-194 and miR-215
target MDM?2 (Fig. 2) and may be involved in a positive feedback
loop with p53. Methylation of the miR-194-192 promoter may
tip the balance in multiple myeloma toward p53 acetylation and
contribute to tumorigenesis.®

A recent study showed that the gene Panthothenate kinase 1
(PANKI) and its embedded intronic miRNA miR-107 are co-
regulated by p53."°" This study also showed that miR-107 tar-
gets the cell cycle genes CDKG and p130, which are involved in
G,/S progression.'” A contemporaneous study by Yamakuchi et
al. confirmed upregulation of miR-107 by p53 and suggested a
role for miR-107 in suppressing the cell’s response to hypoxia
by targeting HIF1-2. Additionally, forced expression of miR-
107 in mice reduced tumor growth, angiogenesis and VEGF
expression.'®

Alterations in the non-protein coding genomic region PV7T1
are associated with many human cancers: the locus is frequently
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amplified or overexpressed in some cancers. No long non-coding
transcripts have been found within PV7T1, but the locus does
express 6 annotated miRNAs: miR-1204, miR-1205, miR-1206,
miR-1207-5p, miR-1207-3p and miR-1208.!° Barsotti et al. have
shown that this cluster may be involved in a positive-feedback
loop with p53. p53 binds to a region proximal to miR-1204 and
increases its expression. Upregulation of miR-1204, in turn,
results in an increase in p53 expression and potentiates cell death,

but the mechanism for this feedback remains unclear.!”

miRNAs Transcriptionally Repressed by p53

Although p53 acts primarily to activate the transcription of
tumor suppressive miRNAs, recent evidence suggests that p53
can also directly inhibit the expression of oncogenic miRNAs,
including the miR-17-92 cluster. The miR-17-92 cluster on
chromosome 13 comprises 7 miRNAs that are transcribed as
a polycistron. Expression of this cluster is induced by MYC™
and is increased in breast, colon, pancreas, lung and prostate

carcinomas.'%®

miR-17-92 is known to exert an anti-apoptotic
influence in response to MYC by targeting the transcript of the
pro-apoptotic protein Bim.'”” Consistent with its putative role
as an oncogenic miRNA cluster, miR-17-92 is transcriptionally
repressed by p53 in hypoxic conditions, resulting in increased
apoptosis.'’® Yan et al. showed an inverse correlation between
p53 status and miR-17-92 expression in a paired comparison of
colorectal carcinoma and normal colonic tissue. A similar repres-
sion of miR-17-92 was also seen in response to DNA damage.
This study also used ChIP to demonstrate direct binding of p53
to a binding site overlapping a crucial non-consensus TATA box
in the miR-17-92 promoter, thus interfering with binding of the
TATA box binding protein (TBP) and preventing the recruit-
ment of transcriptional machinery. In addition to the miR-17-
92 cluster, some members of the let-7 family are also repressed
by p53. The let-7 family are well-documented tumor suppres-
sors that target growth related genes such as RAS, CDC254 and
CYCLIN D112 Previously, expression of let-7a and let-7b had
been shown to decrease under ionizing radiation or cytotoxic
chemotherapy, but p53 was not implicated."? Recently, however,
Saleh et al. have shown that under genotoxic stress, p53 binds to
an enhancer upstream of let-7a3 and let-7b, which presumably
competitively prevents binding of other transcriptional activators
(perhaps by a mechanism similar to that outlined above for miR-
17-92) leading to downregulation of these let-7 family members.
Because tissues with higher let-7 expression have been shown to
be more sensitive to radiation and genotoxic chemotherapy, it
has been suggested that let-7 mimics could be used to potentiate

adjuvant cancer therapy.'

Post-Transcriptional Regulation of miRNAs by p53

Most research on p53 and miRNA focuses on the transcrip-
tional effects of p53 on miRNA expression. However, p53 also
has transcription-independent functions.">''¢ Indeed, a recent
study'” suggests that p53’s influence on miRNA might extend

beyond transcriptional regulation. In HCT116 cells and human
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Figure 2. Post-transcriptional regulation of p53 by miRNAs. p53 is regulated by several miRNAs. miR-125b, miR-504, miR-25 and miR-30d directly bind
to the 3'UTR of p53 mRNA and inhibit its expression. In fibroblasts, miR-122, inhibits CPEB leading to decreased p53 mRNA translation. In liver cells,
miR-122 inhibits cyclin G1 3'UTR and upregulates p53 levels via decreased MDM2. miR-34, miR-192, miR-194, miR-215, miR-605 and miR-29 regulate the

fibroblasts, p53 immunoprecipitated with the miRNA-processing
protein Drosha through the DEAD-box RNA helicase DDX5
(also known as p68). Drosha and its associated DEAD-box
proteins are components of the microprocessor complex, which
processes and cleaves primary miRNA transcripts to yield pre-
miRNA hairpins. The observed association of p53 with DDX5
correlated with an increase in the levels of several different mature
and precursor miRNAs after DNA damage, including miR-16-1
(Fig. 1), miR-143, miR-145 and miR-206; primary transcript lev-
els were unchanged. These miRNAs modulate the expression of
cell proliferation and stemness associated genes,"®'” and their
regulation by p53 suggests a role for p53 controlling global gene
expression and cell fate. A similar post-transcriptional regulation
of miRNA biogenesis involving p68/p78 has also been shown to
be mediated by other nuclear proteins such as SMAD4, Nanog
and estrogen receptor-a.'?'?2 In sum, these findings suggest a
novel function of p53 in miRNA maturation and suggest that
several transcription factors interact with the Drosha processing
machinery to regulate miRNA expression.

Regulation of p53 by miRNAs

The crosstalk between the p53 network and miRNAs is further
substantiated by recent studies on regulation of p53 by miRNAs.
To date, several miRNAs including miR-125b, miR-504, miR-
25, miR-30d, miR-34a, miR-122, miR-29, miR-192, miR-194
and miR-215 have been shown to regulate p53 abundance and/
or activity. Among these miR-125b, miR-504, miR-25 and miR-
30d negatively regulate p53 by binding to its 3'UTR (Fig. 2)
whereas the others indirectly influence p53 abundance and/or
activity by regulating the regulators of p53 (Fig. 2).
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p53-suppressing miRNAs

Bioinformatic tools predict potential targeting of the p53 3'UTR
by several miRNAs. Indeed, miR-125b, a miRNA highly abun-
dant in the brain, downregulates p53 in both zebrafish and
humans'® by binding to the 3'UTR of p53 mRNA (Fig. 2).
Overexpression of miR-125b decreased endogenous p53 lev-
els and inhibited apoptosis in human neuroblastoma cells and
human lung fibroblast cells. Conversely, knockdown of miR-
125b increased the abundance of p53 protein and induced
apoptosis in human lung fibroblasts and in the zebrafish brain.
Importantly, this phenotype could be rescued by either an abla-
tion of endogenous p53 function or ectopic expression of miR-
125b in zebrafish. miR-125b was downregulated when zebrafish
embryos were treated with gamma-radiation or camptothecin,
and introduction of miR-125b suppressed the increase of p53 and
inhibited apoptosis. These findings suggested that miR-125b is
an important negative regulator of p53 and p53-induced apop-
tosis during development and also during the stress response.
In a subsequent study,'* the same group recently showed that
in addition to p53, miR-125b down-modulates the expression
of 20 novel targets in the p53 network. These targets include
both apoptosis regulators like BAK1, IGFBP3, ITCH, PUMA,
PRKRA, TP53INPI, TP53, ZACI and cell cycle genes such as
CYCLIN C, CDC25C, CDKN2C, EDNI, PPPICA, SELIL, in
the p53 network. Although each miRNA-target pair was rarely
conserved between human, mouse and zebrafish, regulation
of the p53 pathway was conserved at the network level. These
findings imply that miR-125b is an important regulator of the
p53 pathway and plays a key role in cellular homeostasis and
tumorigenesis.
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In addition to these studies on miR-125b, a recent study
employed a bioinformatic approach to identify candidate p53-reg-
ulating miRNAs. Among the top 5 putative p53-targeting miR-
NAs, miR-504 was found to downregulate p53 (Fig. 2) by binding
to 2 sites in the 3'UTR of p53 mRNA.'® In response to stress,
overexpression of miR-504 reduced p53 abundance, impaired
p53-mediated apoptosis and cell cycle arrest. Furthermore, miR-
504 overexpression promoted tumor growth in mice and this
effect was not observed in an isogenic p53-deficient cell line,
suggesting that the oncogenic function of miR-504 is mediated
through downregulation of p53. In another recent study, a lucif-
erase reporter screening approach was used to identify miRNAs
directly targeting the 3'UTR of p53 mRNA."?® Of the 65 miR-
NAs that inhibited luciferase expression, miR-25 and miR-30d
directly downregulated p53 mRNA and protein levels (Fig. 2)
and also reduced the expression of genes that are transactivated
by p53. Overexpression of these miRNAs inhibited p53-mediated
apoptosis, cell cycle arrest and senescence. Conversely, antagoniz-
ing miR-25 or miR-30d resulted in increased endogenous p53
expression and elevated apoptosis in several cell lines.

Taken together, the above-mentioned studies demonstrate
that miR-125b, miR-504, miR-25 and miR-30d negatively regu-
late the basal levels of p53 by direct association with the 3'UTR
of p53 mRNA. miR-125b and miR-504 did not repress the
p53 3'UTR in the study by Kumar et al. suggesting that their
screening approach may have false negatives. Another possibil-
ity is that the effect of these miRNAs on p53 may depend on
the cellular context. Of note, other family members of miR-25
and miR-30d (miR-92a,b and miR-30a,b,c,e) were not identified
as p53 regulators'?
they have the same seed sequence. These findings suggest that in

in the luciferase reporter screen even though

addition to the seed sequence, regulation of p53 by miR-25 and
miR-30d requires additional base-pairing between the 3'UTR of
p53 and 3' ends of these miRNAs. It is noteworthy that of these
four p53-inhibiting miRNAs, miR-25, miR-125b and miR-30d
belong to gene families that are conserved in fly, zebrafish, mouse
and humans'”” while miR-504 is mammalian-specific. Finally,
the 3'UTR of p53 is not well conserved between human and
mouse except for a ~100-nt region, meaning that these miRNAs
cannot directly regulate p53 in mouse cells. It would be interest-
ing to see whether similar to miR-125b, the other p53-repressing
miRNAs may still inhibit the p53 pathway in mouse cells by tar-
geting a distinct set of genes in the p53 network.

p53-activating miRNAs

In addition to direct suppression of p53 levels, several miRNAs
including miR-34a, miR-605, miR-122, miR-29, miR-192, miR-
194 and miR-215 can indirectly activate p53 (Fig. 2). miR-34a,
a miRNA transcriptionally regulated by p53, was found to regu-
late SIRT1¥ and YYL,'*® two proteins that negatively regulate
p53. SIRTTI regulates p53 dependent apoptosis by deacteylating
and destabilizing p53 '* whereas YY1 downregulates p53 by
stimulating p53 ubiquitination and degradation.'® p53 induces
miR-34a expression, which in turn increases the abundance and
activity of p53 by post-transcriptionally suppressing SIRT1 and
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YY1 through direct binding to their 3'UTRs. It is plausible that
the positive feedback loop involving p53, miR-34a and its tar-
get genes, SIRT1 and YY1 may enable p53 to maintain miR-34a
expression. A similar positive feedback loop has been identified
for miR-605, miR-192, miR-194 and miR-215 and p53.%5% These
miRNAs are transcriptional targets of p53 and also upregulate
p53 by downregulating MDM2 (Fig. 2), a gene that controls the
half-life of p53 protein.

The stability of p53 is also regulated by the oncogenic phos-
phatase Wipl (PPMID), which is itself induced by p53 follow-
ing DNA damage. Wipl dephosphorylates p38/MAPK and
MDM2, resulting in decreased phosphorylation and acetyla-
tion of p53 and ultimately suppressing p53-mediated apopto-
sis and cell cycle arrest.'” Zhang et al. have reported that the
p53-inducible miRNA, miR-16," directly targets Wipl. miR-
16 expression increases sharply after treatment with the DNA
damaging agent neocarzinostatin (NCZ), and although WIPI
transcription increased at a similar rate, there was a significant
lag between W/PI mRNA accumulation and detection of Wipl
protein due to translational inhibition by miR-16. The delayed
expression of Wipl allows the damaged cell to complete a DNA-
damage responsive signaling cascade, and the subsequent grad-
ual de-repression of Wipl terminates the p53-mediated damage
response. miR-16 was also seen to be decreased in mammospheres
cultured from breast cancer stem and progenitor cells, indicat-
ing a significant permissive role for miR-16 in the DNA damage
response as well as a role for p53 in restricting the development
of cancer stem cells.'®

Another study identified miRNAs that activate p53 by inves-
tigating the effects of 91 cancer-associated miRNAs on the lucif-
erase expression of a reporter plasmid containing 13 p53 binding
sites upstream of a luciferase gene. Of the 10 miRNAs (miR-186,
miR-187, miR-95, miR-191, miR-181b, miR-155, miR-29a, miR-
183, miR-125a and miR-302b) that significantly enhanced lucif-
erase activity, miR-29a'% was chosen for further analysis since
it also upregulated endogenous p53 protein levels, induced cell
cycle arrest and decreased viability. The authors went on to show
that miR-29 (Fig. 2) repressed the 3'UTR of p85a. [a regulatory
subunit of PI3 kinase (PI3K)] and CDC42 (which regulates cell
migration and cell cycle progression). Importantly, the authors
showed that inhibition of miR-29 inhibited p53 function when
the cells were treated with DNA-damaging agents that activate
p53 activation and cause apoptosis. These findings suggest that
miR-29 contributes to the DNA-damage response.

Upregulation and activation of p53 has also been shown to be
mediated by miR-122,"%* a liver-specific miRNA which is com-
monly downregulated in human and mouse liver cancer. miR-
122 directly inhibits the expression of cyclin G1, a protein that
forms a complex with the phosphatase, PP2A. Because PP2A is
known to regulate phosphorylation of MDM?2 (phosphorylated
MDM2 is less active), downregulation of cyclin G, inhibits
PP2A, which in turn results in increased levels of phosphory-
lated MDM2. By directly repressing the 3'UTR of cyclin G,
miR-122 decreases MDM2 activity and enhances p53 levels and
activity (Fig. 2). Interestingly, even though miR-122 accounts
for almost 70% of the total miRNAs in liver and is thought to
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be liver-specific, a recent study'® showed that it is expressed in

human skin fibroblasts where it inhibits the translation of p53
mRNA by directly suppressing the 3'UTR of CPEB, a protein
that regulates polyadenylation of p53 mRNA. The authors pro-
posed a model by which Gld2 (a non-canonical poly(A) poly-
merase) stabilizes miR-122 by catalyzing the addition of a single
adenylate residue to its 3" end. In the absence of Gld2, miR-122
is destabilized and downregulated. Downregulation of miR-122
de-represses the 3'UTR of CPEB and upregulates CPEB. CPEB
binds to the 3'UTR of p53 mRNA and recruits Gld4 (another
non-canonical poly(A) polymerase) to increase p53 mRNA poly-
adenylation and translation, resulting in increased p53 protein
levels and induction of senescence. Thus, translation of p53
mRNA and senescence is coordinately regulated by the Gld2/
miR-122/CPEB/GId4 axis. Interestingly, these studies show that
miR-122 can either upregulate p53 by increasing the half-life of
p53 protein through cyclin G1-PP2A-MDM2 or downregulate
p53 by regulating p53 mRNA translation through CPEB-GIld4
in different cell types suggesting that the function of miR-122 is
context-dependent. Although p53 is indirectly regulated by miR-
122, it may be a key downstream effector of miR-122 (Fig. 2). It
would be important to identify the targets and function of miR-
122 in p53-deficient cells. These studies suggest that miRNAs
not only are downstream effectors of p53, but they also regulate
the regulators of p53 to indirectly upregulate p53 protein levels
and p53 activity.

MiRNAs and Mutant p53

Unlike most tumor suppressor genes, the vast majority of can-
cer-associated mutations in p53 lead to the production of a full-
length protein. In most cases, these mutations involve a single
amino acid change that abrogates the tumor suppressor function
of p53.26136157 Mutant p53 also possesses activities of its own, dis-
tinct from those of wild-type p53, and actively contributes to sev-
eral aspects of tumor progression including genomic instability,

cell survival, cell migration and invasion.?!3¢

138139 Importantly,
some of these gain-of-functions of mutant p53 have also been
validated in animal models.'"” Many groups have extensively
investigated the mechanisms underlying the gain-of-function
of mutant p53, and currently three mechanisms are well-estab-
lished. First, mutant p53 can associate with transcription factors
such as E2F1,'"" VDR'? and NF-Y'* and is recruited to core pro-
moters to regulate gene transcription.*®'* Second, mutant p53
can antagonize the activity of its family members, p63 and p73,
and impair their transcriptional functions."**'® Inhibition of p63
or p73 by mutant p53 is perhaps the most accepted mechanism of
gene regulation by mutant p53. Third, even though many mis-
sense mutations in p53 occur in the DNA binding domain and
thereby prevent p53 from activating its canonical target genes,
mutant p53 can still directly bind to DNA via its N-terminal
transactivation domain and drive the expression of its own set
of target genes."®'”” Furthermore, in contrast to sequence-spe-
cific and DNA-structure dependent binding of wild-type p53,
mutant p53 has been shown to associate with specific DNA ele-
ments such as matrix attachment regions (MAR) to regulate gene
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transcription.'*® Taken together, these findings provide mecha-
nistic insights on mutant p53 gain-of-function and suggest that
mutant p53 can transactivate a number of wild-type p53-inde-
pendent genes. If mutant p53 was associated with these transcrip-
tion factors on each of their target promoters across the entire
genome, one would expect mutant p53 to drive the expression of
hundreds of genes. Corecruitment of these transcription factors
and mutant p53 to specific promoters may involve interactions
with coactivators or corepressors to assist in specific targeting of
a smaller number of genes. For instance, mutant p53 is tethered
to DNA by the transcription factor NF-Y and a corepressor to
inhibit NE-Y target genes.'*®

Two recent studies have expanded the biochemical function
of mutant p53 and shown that mutant p53 can also regulate
miRNAs. In the first study,'” the tumor derived p53 mutants
C135Y, R175H and R273H regulate miRNA biogenesis post-
transcriptionally by interfering with Drosha’s ability to bind pri-
mary miRNA transcripts. Overexpression of these p53 mutants
decreased mature and precursor miRNA levels of miR-16-1, miR-
143 and miR-205." The authors hypothesized that loss or muta-
tion of p53 interferes with the assembly of the microprocessor
complex, consisting of Drosha, DGCR8 and several DEAD-box
RNA helicases including p72 and p68. In another study, qRT-
PCR analysis of 11 miRNAs identified miR-128 as a miRNA
upregulated by mutant p53R175H. Upregulation of miR-128
was achieved by transactivating the expression of its host gene,
ARPP21." The authors went on to show that miR-128 directly
suppressed the expression of the transcriptional repressor, E2F5
by binding to its 3'UTR. Downregulation of E2F5 by miR-128
derepressed p21 (CDKN1A) expression and cytoplasmic localiza-
tion. Nuclear localization of p21 promotes growth arrest whereas
cytoplasmic p21 prevents apoptosis by suppression of pro-caspase
3. The authors showed that the anti-apoptotic effect of miR-128
is mediated by its ability to suppress E2F5, which in turn induces
p21. The induced p21 is predominantly cytoplasmic, possibly
due to phosphorylation by AKT, and inhibits apoptosis by inhib-
iting pro-caspase 3. Taken together, their results provide evidence
that miR-128 induction by mutant p53 contributes to the well-
established chemoresistance activity of mutant p53. Interestingly,
in mice, the p53 family member, p63, has been shown to regu-
late the transcription of Dicer.””’ Because some p53 mutants can
inhibit p63, it remains to be seen whether a global decrease in
miRNAs occurs in mutant p53 expressing cells. Furthermore,
because miRNAs and mutant p53 are known to modulate cell
migration, invasion and metastasis, it would be worthwhile to
investigate the role of miRNAs in these specific aspects of tumor
progression regulated by mutant p53.

Conclusions and View to the Future

Since the discovery of let-7 in C. elegans, miRNAs have come
to the fore as key regulators of gene expression. Although it was
believed that most miRNAs may act more as fine-tuners than on/
off switches, a recent study showed that miRNAs can act both as
a switch and a fine-tuner of target gene expression.” The authors
show that although the average extent of target gene repression by
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miRNAs for a population of cells is generally modest, repression
among individual cells varies dramatically and depends on the
abundance of the target mMRNA. A miRNA can act as a switch if
the target mRNA levels in a specific cell is below a threshold, and
as a fine-tuner in cells expressing higher target mRNA levels. This
phenomenon may play a key role in cancer and could provide a
proliferative and survival advantage to a pool of cells in a tissue
due to the greatly increased potency of a miRNA in cells where
the miRNA is capable of acting as a switch. The importance of
miRNAs is also reflected by the fact that some miRNAs are very
abundant (some miRNAs are expressed up to 50,000 copies/
cell)®* and each miRNA can regulate a wide variety of cellular
processes by suppressing the expression of hundreds of genes. As
our understanding of the tumor suppressive and oncogenic roles
of miRNAs has increased, we are attempting to understand this
regulatory scenario: miRNAs regulate gene expression, but what
regulates miRNA expression? Here we have reviewed recent and
illustrative studies demonstrating that miRNAs are involved in
a crosstalk with one of the most well-studied cellular networks,
that of p53-the guardian of the genome. The crosstalk between
p53 and miRNAs is particularly important given the multiple
lines of evidence that indicate a major role for miRNAs"*1> and
p53 during the stress response, and this is further exemplified by
the fact that the stress phenotype is a hallmark of cancer."®

In this review we have discussed how (a) p53 regulates the
abundance of specific miRNAs and enables p53 to post-transcrip-
tionally inhibit the expression of large number of proteins and
(b) miRNAs can directly or indirectly modulate p53 abundance
and p53 activity to inhibit or promote p53-associated functions
including proliferation, apoptosis, cell migration and invasion.
While miRNAs act at the post-transcriptional level, p53, asa tran-
scription factor works to regulate miRNA expression by altering
the activity of upstream promoters. p53 can act conventionally
as a transcriptional transactivator or may have a repressive effect
by blocking the binding of essential transcriptional machinery

to the promoter.?»**%° Furthermore, p53 interacts with proteins
involved in the biogenesis of miRNAs to modulate miRNA mat-
uration at a post-transcriptional level. More work will be needed
to establish a clear picture of a physiological role of p53 in regu-
lating miRNA expression and activity. Future directions should
include further investigation of reciprocal feedback between p53
and miRNAs. Many of the above relationships between the p53
network and miRNAs have only been considered in the context
of a single mode of p53 induction, e.g., DNA damage or hypoxia.
It will be necessary for future work to integrate and reconcile the
different responses seen in different systems.

While these studies enhance our knowledge of the crosstalk
between the key tumor suppressor gene p53 and miRNAs, some
issues should be kept in mind before establishing a biological
relationship between a miRNA and target gene. In particular,
several studies on miRNAs show that specific miRNAs regulate
p53 in the context of overexpressing a given miRNA in cells that
did not normally express that miRNA. These results may not
apply to endogenous levels of miRNAs expressed. Given the fact
that each miRNA can regulate hundreds of distinct mRNAs, the
abundance of the miRNA in the cell type being used for investi-
gating its function should be considered in any functional analy-
ses. Finally, given the well-established links between mutant p53
and tumor progression and response to chemotherapy, future
studies on miRNAs and mutant p53 may provide novel mecha-
nistic insights about the gain-of-function phenotypes of mutant
p53 in human cancers.
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