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microRNAS join the p53 network
— another piece in the tumour-
suppression puzzle

Lin He, Xingyue He, Scott W. Lowe and Gregory J. Hannon

Abstract | Several recent studies have found a conserved microRNA (miRNA)
family, the miR-34s, to be direct transcriptional targets of p53. miR-34 activation
can recapitulate elements of p53 activity, including induction of cell-cycle
arrest and promotion of apoptosis, and loss of miR-34 can impair p53-mediated
cell death. These data reinforce the growing awareness that non-coding RNAs
are key players in tumour development by placing miRNAs in a centralrole in a
well-known tumour-suppressor network.

Three decades of intensive investigation
have placed p53 at the center of a complex
molecular network regulating diverse
physiological responses to cancer-related
stresses"?. Until recently, the components
of the p53 network consisted solely of
protein-coding genes, including those
acting upstream to regulate p53 activity,
those functioning downstream to mediate
p53 effects, and those forming regulatory
feedback loops.

Recent studies have identified miR-34
as a microRNA (miRNA) component of
the p53 network, for the first time reveal-
ing an interplay between proteins and
non-coding RNAs in this crucial tumour-
suppressor pathway®”’. miRNAs are a class
of small regulatory RNAs that mediate
post-transcriptional silencing of specific
target mRNAs*’. The miR-34 family of
evolutionarily conserved miRNAs are
directly induced by p53 in response to DNA
damage and oncogenic stress*”. Ectopic
expression of miR-34 recapitulates the
biological effects of p53, inducing growth
arrest and apoptosis, through its ability to
dampen the expression of pro-proliferation
and anti-apoptotic genes®”. These findings
suggest that miRNAs, and in a broader
sense non-coding RNAs, may be previously
unrecognized but integral components of
established oncogene and tumour-suppres-
sor networks.

miRNAs in cancer

First identified as small, non-coding RNAs
essential for the timing of larval development
in worms, a large number of miRNAs have
been and are still being discovered in nearly
all metazoans. Most animal miRNAs share
common biogenesis and effector machineries
(FIG. 1). Mature miRNAs often range from
20-22 nucleotides in length as a result of

two sequential processing reactions, which
liberate mature species from their stem-loop
precursors®’. After maturation, these small
RNAs are incorporated into the RNA-induced
silencing complex (RISC), through which
they mediate post-transcriptional gene silenc-
ing of specific mRNA targets®’. Identification
of targets is achieved through imperfect base
pairing to the miRNA as a whole, with recog-
nition relying mainly on sequences at the
miRNA 5" end, known as the seed™’. This flex-
ibility affords miRNAs the ability to regulate
large programmes of gene expression. As the
sequences that miRNA seeds recognize are
found in many genes, their flexibility makes

it difficult to identify physiologically relevant
miRNA-target relationships from sequence
analysis alone.

The precursors of miRNAs are generally
conventional RNA polymerase II products.
Like protein-coding genes, miRNAs show
complex patterns of tissue-specific expression
that combine with their capacity to regulate
many targets to permit control of many crucial

developmental and physiological decisions®”.
As such, miRNAs have a profound impact on
many processes that are frequently disrupted
during malignant transformation, including
cell proliferation'!, apoptosis, stress responses,
maintenance of stem cell potency and metabo-
lism. The relevance of miRNAs to cancer

was suggested by changes in their expression
patterns'>"* and recurrent amplification and
deletion of miRNA genes in tumours''.

This has been translated in several cases into
functional validation of roles in tumour initia-
tion and progression using mouse models

and cultured tumour cells. Several miRNAs
have emerged as candidate components of
oncogene and tumour-suppressor networks.
The miR-17-92 cluster'®-*®, miR-372-373

(REF. 19) and miR-155/BIC (REF 20) have been
implicated as proto-oncogenes in B-cell
lymphomas and testicular cancers. On the
other hand, miR-15-16 is frequently deleted in
patients with chronic lymphocytic leukaemia
(CLL)*, and more importantly, evidence from
expression studies and functional studies has
revealed the potential tumour-suppressive
roles of let-7 in various cancers*?#, possibly
owing to its ability to repress key oncogenic
components, including Ras and HMGA?2.

In addition to roles for several indi-
vidual miRNAs in tumour initiation and
progression, global alterations in miRNA
expression patterns are a common feature
of tumour cells"?. Generally, miRNAs that
characterize differentiated cell types show
reduced expression in tumours, whereas
expression of those that are expressed dur-
ing early development and in stem cells is
retained®**. Consistent with this, the sup-
pression of key components of the miRNA
biogenesis machinery in cancer cells has
been reported to promote transformation
both in vitro and in vivo®.

The true extent to which the disruption of
miRNA pathways has a role in tumorigenesis
remains to be determined. However, early
indications are that this family of genes is
intimately integrated into the regulatory
processes that are normally disrupted during
transformation. Moreover, the placement of
several miRNAs into known oncogenic and
tumour-suppressor networks is beginning
to solve longstanding mysteries of how the
circuitry of these pathways is wired.
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Figure 1| Current model of miRNA biogenesis and post-transcriptional silencing. Nascent tran-
scripts of microRNA (miRNA) genes are processed by microprocessor into a stem-loop precursor,
which is further processed by Dicer into a mature miRNA duplex, which often displays imperfect
base-pairing. One strand of the miRNA duplex gets incorporated into the effector complex RISC
(RNA-induced silencing complex), which recognizes specific targets through imperfect base-pairing
and induces post-transcriptional gene silencing. Several mechanisms have been proposed for this
mode of regulation: miRNAs can induce the repression of translation initiation, mark target mRNAs
for degradation by deadenylation, or sequester targets into the cytoplasmic P-body.

Identification of p53-regulated miRNAs
An illustration of the role of a miRNA in

a well-established tumour-suppressor net-
work was provided recently by five inde-
pendent studies that linked members of the
miR-34 family with p53 (REFS 3-7). The p53
network acts as a sensor for many cancer-
associated stress signals, including DNA
damage, telomere depletion, oncogene
activation, hyperactive cytokine signalling
and hypoxia. These signals are translated
into effects on cell proliferation, cell death,
DNA repair and angiogenesis? through

the function of p53 as a sequence-specific
transcriptional regulator. Despite extensive
efforts over the past three decades to link
downstream targets of p53 to specific bio-
logical effects, many puzzles remain. For
example, several studies indicated that p53
could also repress the expression of target
genes through a mechanism that had not
been fully elucidated®”*®. Moreover, genetic
studies of p53-regulated protein-coding

genes had not yet provided a complete
picture of how regulation of these targets
might lead to commonly observed effects
of p53 activation, such as G1 cell-cycle
arrest or apoptosis, in all tissue settings®.
Given the potentially broad consequences
of activating miRNA expression, it seemed
possible that non-coding RNAs might
contribute to p53 function. This prompted
several efforts to search for links between
p53 and miRNAs. These converged into
one exciting finding — the identification of
miR-34s as key p53 transcriptional targets
capable of regulating cell proliferation and
cell death®”.

Most studies focused on examining
global miRNA expression profiles and cor-
relating expression patterns with p53 sta-
tus. He and colleagues profiled miRNAs in
wild-type and p53-null mouse embryonic
fibroblasts (MEFs) carrying various addi-
tional oncogenic lesions®. Raver-Shapira et
al. studied a lung cancer cell line harbour-

ing a temperature-sensitive TP53 allele®.
Chang and co-workers set out to identify
miRNAs whose expression increased

after genotoxic stress in a p53-dependent
manner*, and Tarasov et al. launched their
screen for p53-regulated miRNAs using a
tetracycline-inducible TP53 allele’. Using
a complementary, bioinformatic approach,
Bommer and colleagues revisited a previ-
ous study of genome-wide p53 chromatin
immunoprecipitation (ChIP)*, in which
all putative p53 binding sites had been
attributed to their nearest protein-coding
genes®™. In all of these studies, miR-34
family members emerged as prime
candidates for p53-regulated miRNAs.

First identified in Caenorhabditis
elegans, mir-34 encodes an evolutionarily
conserved miRNA, with single ortho-
logues in several invertebrate species. In
vertebrates, mir-34 diverged into a family
of three homologous miRNAs — mir-34a,
mir-34b and mir-34c. The mature mir-34a
sequence is located within the second exon
of its non-coding host gene, nearly 30 kb
downstream of its first exon, which con-
tains a predicted p53 binding site*””. Both
mir-34b and mir-34c are located within a
single non-coding precursor (mir-34b/c),
whose transcriptional start site is adjacent
to a predicted p53 binding site**. Both of
these p53-binding sites are evolutionar-
ily conserved and match the consensus
derived from p53-regulated protein-coding
targets™.

Extensive studies were carried out,
both in vitro and in vivo, to validate the
regulation of miR-34 family miRNAs by
p53. Both exogenous and physiological
stresses are able to induce miR-34 expres-
sion in multiple cell culture systems and
animal tissues in a p53-dependent manner.
The induction of miR-34s by p53 does
not rely on de novo protein synthesis®, but
does depend on having intact p53 bind-
ing sites within their putative promoter
regions®*¢. The kinetics and magnitude of
miR-34 induction is comparable to that
observed for the canonical p53 target, the
cyclin-dependent kinase (CDK) inhibitor
p21 (REFS 5,7), as is the approximate bind-
ing affinity of p53 for mir-34 promoters
as measured by ChIP>*¢. Together, these
studies provide compelling evidence that
miR-34 miRNAs are bona fide p53 targets.
Thus, p53 acts as a tumour suppressor by
both positively and negatively regulating
gene expression; the negative regulation
occurs, at least in part, through the positive
effects of p53 on the expression of non-
coding RNAs.
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miR-34 mimics the effects of p53

Given a solid connection between miR-34s
and p53, studies quickly shifted focus to
answering one key biological question — is
miR-34 sufficient and/or necessary for any
of the biological outcomes elicited by p53?
So far, these have mainly probed two of the
best-studied p53 outputs, growth arrest and
apoptosis.

The effects of simulating miR-34a
activation, either through delivery of
synthetic mature miRNAs or through
ectopic expression of miRNA precursors,
were examined in various biological
systems. In most cases, key p53 effects
were recapitulated in a context-dependent
manner. Overexpression of miR-34a in
primary fibroblasts and in certain tumour
cell lines produced a significant cell-cycle
arrest, evident by an increase in the G1
population at the expense of the S-phase
population®®. It is worth noting that when
miR-34 is ectopically overexpressed in
IMR90 human lung fibroblast cells, ~60%
of the infected cells exhibit morphological
and molecular alterations characteristic
of cellular senescence. In a different set of
cell types, mostly tumour cell lines, the
observed effect of miR-34a overexpres-
sion was an increased apoptotic response,
although the degree of cell death varied.
Interestingly, in the case of HCT116 colon
cancer cell lines, the predominant effect
of miR-34a overexpression was growth
arrest at 48 hours after transfection®, but
apoptosis at 72 hours after transfection*’.
Mature miR-34b and miR-34c are nearly
identical to miR-34a and have similar
biological activities in several proliferation
assays>®. Given the potential of miRNAs to
recognize many targets through imperfect
base pairing, the pleiotropic effects of
miR-34 may simply reflect the different
spectrum of target mRNAs available in
a given system, and this may represent a
recurring theme within miRNA-mediated
regulatory pathways.

Although the pro-apoptotic effects of
miR-34a are modest, miR-34a is essential
for p53-mediated apoptosis in some set-
tings. Direct support for a crucial role of
miR-34a in p53-induced cell death came
from the study by Raver-Shapira et al., in
which inhibition of miR-34a by LNA (locked
nucleic acid) oligos strongly attenuated
p53-dependent apoptosis in U20S cells in
response to genotoxic stress®. LNA oligos
are locked in the 3" endo conformation,
thus increasing their hybridization energy.
This property is exploited in the use of these
agents as competitive inhibitors of miRNA

activity. It is worth noting that in that study,
the pro-apoptotic effect of miR-34a overex-
pression, albeit in MCF7 and H1299 rather
than U20S cells, was relatively mild. In addi-
tion, loss of mir-34a in mouse embryonic
stem cells dampened the apoptotic effects
of differentiation stimuli such as addition of
retinoic acid and withdrawal of leukaemia
inhibitory factor (LIF)*. These studies did
not resolve the question of whether miR-34
is essential for p53-mediated G1 arrest.
Given the redundancy in both cell-cycle
regulatory pathways and in the miR-34
family, addressing this issue will probably
have to wait until genetic lesions in all three
mir-34 homologues are created.

Mechanisms of miR-34 action

miRNAs act by inhibiting gene expression.
Thus the precise mechanisms by which
miR-34 contributes to p53 activity can

be revealed through identification of its
regulatory targets. Both bioinformatic and
experimental approaches have been used
to address this issue?!, and consistent with
the predicted p53-miR-34 circuit, some
miR-34-regulated genes are repressed
after p53 activation®. Microarray analysis
showed that the induction of miR-34s

led to the downregulation of hundreds

of mRNAs, which were enriched for cell
cycle regulators. Collectively, these were
also enriched for mRNAs that could bind
miR-34 seed regions, and several individual
genes, including CDK4, CDKS6, cyclin

E2 and E2F3 have been experimentally
validated as miR-34 targets by western
blotting. In most cases, a direct regulatory
relationship was established by fusing

the 3" untranslated region (UTR) of each
candidate target (containing the miR-34
seed complementary region) to luciferase
and demonstrating miR-34-induced repres-
sion*”. Unlike proliferation genes, anti-
apoptotic genes as a whole are not enriched
in the miR-34-repressed set or in bioin-
formatic predictions of miR-34 targets.
However, the anti-apoptotic protein BCL2
is downregulated by miR-34 in several cell
types, consistent with a role for miR-34 in
p53-mediated apoptosis®.

In classic studies of miRNA function in
worms and flies, it was often true that one
or few miRNA targets could account for the
regulation of a specific biological process®**'.
Although the suppression of any of several
miR-34 targets can mimic its biological
effects, it seems most likely that collective
regulation of multiple genes by miR-34 is
responsible for the full range of its physi-
ological effects (FIC. 2).
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Figure 2 | A model of the p53-miR-34 network
in regulating cell proliferation and cell death.
miR-34 is a direct transcriptional target of p53,
which in turn downregulates genes required for
proliferation and survival. Along with other p53
targets, such as p21 and BAX, miR-34-family
miRNAs promote growth arrest and cell death in
response to cancer related stress. ATM, ataxia
talangiectasia mutated; ATR, ataxia telengiecta-
sia and RAD3-related; CDK, cyclin-dependent
kinase; CHK, checkpoint kinase
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miR-34 in cancer

Deletions of mir-34 family miRNAs have
been reported in human cancers. mir-34a
is located within 1p36, a region of frequent
heterozygous deletion in many tumour
types®. The chromodomain protein
CHD?5, another candidate tumour sup-
pressor located within 1p36, is capable of
activating p53 through ARF (encoded by
CDKN2A)%. Thus, the loss of 1p36 may
affect the integrity of the p53 pathway both
upstream and downstream of p53. Minimal
deletions containing mir-34b and mir-34c
have also been found in breast and lung
cancer”, which is consistent with signifi-
cant reduction of miR-34b/c expression in
non-small-cell lung cancer cell lines®. In
human tumours, the selective pressure to
lose miR-34s may be relieved by frequent
mutation of p53. Thus, genetic altera-
tions in mir-34s are more likely to occur

in tumour types that characteristically
contain wild-type p53. For example, Welch
and colleagues reported that mir-34a is
frequently deleted or downregulated in
neuroblastoma cell lines®”.
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miR-34 in the midst of the p53 pathway
The CDK inhibitor p21 was recognized more
than a decade ago as a key mediator of p53-
induced growth arrest. However, disruption
of p21 in mice failed to completely negate this
output of the p53 pathway”. This predicted
the existence of other essential players in this
process, which had not been discovered after
more than a decade of searching. A possible
explanation for this failure is the exclusive
focus on protein-coding genes, as these new
results have raised the possibility that non-
coding RNAs cooperate with protein-coding
genes in various p53 effector pathways. The
placement of a miRNA in the p53 pathway
may also help to explain another longstanding
mystery. An examination of p53-responsive
transcriptional programmes revealed a large
number of genes that are quickly repressed
upon p53 activation”*. It now seems likely
that at least some of these observations can be
explained as secondary effects of the induc-
tion of repressive small RNAs (FIG. 2).

These recent reports raise the question of
whether there might be other miRNAs that
connect to p53 — either as downstream effec-
tors or as regulators of p53 or its modifiers.
Searches for p53-regulated miRNAs pre-
dated the recent studies of miR-34 (REF. 39). As
many as a dozen miRNAs exhibit expression
patterns indicative of p53-dependent regula-
tion. Several different studies have generated
largely non-overlapping sets of miRNA as
candidate p53 targets, possibly owing to the
differences in the biological systems studied
and the detection methods used. A small
number of miRNAs, including miR-26a and
miR-182, were identified in multiple inde-
pendent studies and are interesting candidates
for further investigation*®’. Strikingly, the
interplay between p53 and miRNAs may
not be limited to a purely linear relationship.
Overexpression of miR-372 and miR-373 can
bypass senescence induced by oncogenic Ras,
which depends on p53 (REF. 19). This effect
is achieved by suppression of a p53 target,
LATS2 (REF. 19), which not only inhibits pro-
liferation, but also forms a positive-feedback
loop with p53 (REF. 40).

Conclusions

We are only beginning to understand

the realm of non-coding RNAs, whose
representation in the genome, according to
comparative analyses, increases as a function
of genome complexity. The discovery that

a conserved family of miRNAs is central to
a crucial tumour-suppressor pathway may
reflect ancient connections between non-
coding RNAs and the regulation of develop-
mental and physiological decisions, whose

disruption can lead to tumour development.
A single miRNA can affect many downstream
targets. This raises an alternative possibil-

ity that the adoption of non-coding RNAs
permits pathways to simultaneously regulate
many aspects of a particular cellular process.
It remains to be seen whether prevalent links
between small RNAs and tumorigenesis
indicate any special biology of these species
or whether such observations simply reflect
the function of miRNAs as flexible regulators
of gene-expression programmes.
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