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Tumor suppressor p53 plays a central role in tumor prevention. As a transcription factor, p53 mainly exerts its function through tran-

scription regulation of its target genes to initiate various cellular responses. To maintain its proper function, p53 is tightly regulated

by a wide variety of regulators in cells. Thus, p53, its regulators and regulated genes form a complex p53 network which is composed

of hundreds of genes and their products. microRNAs (miRNAs) are a class of endogenously expressed, small non-coding RNA mol-

ecules which play a key role in regulation of gene expression at the post-transcriptional level. Recent studies have demonstrated

that miRNAs interact with p53 and its network at multiple levels. p53 regulates the transcription expression and the maturation

of a group of miRNAs. On the other hand, miRNAs can regulate the activity and function of p53 through direct repression of p53

or its regulators in cells. These findings have demonstrated that miRNAs are important components in the p53 network, and also

added another layer of complexity to the p53 network.
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Introduction
Tumor suppressor p53 is the most frequently mutated gene in

human tumors. p53 and its signaling pathway, which is composed

of hundreds of genes and their products, play a central role in

maintaining genomic stability and tumor suppression (Levine

et al., 2004, 2006; Vousden and Prives, 2009; Feng and Levine,

2010). Since p53 was discovered 30 years ago, a tremendous

amount of work has been done on this single protein and its sig-

naling pathway, which makes p53 one of the most extensively

studied protein, and at the same time leads to the growing com-

plexity of the p53 network (Braithwaite and Prives, 2006; Levine

et al., 2006; Vousden and Prives, 2009).

microRNAs (miRNAs) are a class of endogenously expressed,

small (20–25 nucleotides) non-coding regulatory RNA molecules

in cells. miRNAs bind to the 3
′-untranslated regions (3′-UTRs) of

protein-coding messenger RNAs (mRNAs) in a sequence-specific

manner, reducing mRNA stability, inhibiting translation, and

thereby negatively regulating the expression of genes at the post-

transcriptional level (Pillai et al., 2007; Bartel, 2009). Recently, it

has been reported that some miRNAs can also up-regulate trans-

lation (Vasudevan et al., 2007). Lin-4 is the first miRNA identified

in 1993, which is required for the appropriate timing of post-

embryonic development in Caenorhabditis elegans (Lee et al.,

1993; Wightman et al., 1993). In 2000, let-7 was identified

as the second miRNA, which controls developmental timing in

C. elegans (Reinhart et al., 2000). Since then, miRNAs have

attracted tremendous attention. miRNAs have been demonstrated

to be a class of most abundant regulatory genes in humans; over

700 human miRNAs have been identified so far, and the total

number of miRNAs is estimated to be close to 1000. It is esti-

mated that over 30% of all genes and the majority of genetic

pathways are subject to regulation by multiple miRNAs

(Berezikov et al., 2005; Lim et al., 2005; Griffiths-Jones et al.,

2006). However, relatively few miRNA-target interactions have

been experimentally validated, and the biological functions of

most miRNAs remain to be discovered (Griffiths-Jones et al.,

2006; Kloosterman and Plasterk, 2006; Inui et al., 2010).

Recent studies have revealed the close interactions between

p53 and miRNAs. p53 induces the transcription expression of

several miRNAs and promotes the maturation of specific

miRNAs, both of which contribute to the function of p53 in

tumor suppression. On the other hand, miRNAs can negatively

regulate p53 protein levels and function through direct repression

of p53 expression, or positively regulate p53 activity and function

through the repression of several negative regulators of p53.

These findings have demonstrated that miRNAs are important

components in the p53 network.

p53 and its signaling pathway
p53 plays a crucial role in maintaining genomic stability and

tumor suppression (Levine et al., 2004, 2006; Vousden and

Prives, 2009). Disruption of normal p53 function is in many cir-

cumstances a prerequisite for the initiation and/or progression

of tumors (Donehower et al., 1992; Jacks et al., 1994). Over

50% of human tumors harbor DNA mutations in the p53 gene,
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and it is estimated that over 80% of tumors have dysfunctional

p53 signaling (Levine et al., 2004, 2006; Olivier et al., 2004). In

normal unstressed cells, p53 is maintained at a low level by

rapid degradation through the ubiquitin–proteasome pathway.

As an E3 ubiquitin ligase, MDM2 is a most critical negative regu-

lator for p53, which binds to p53 and degrades p53 through ubi-

quitination (Harris and Levine, 2005; Brooks and Gu, 2006;

Figure 1). p53 responds to a wide variety of intrinsic and extrinsic

stress signals, including DNA damage, hypoxia, mitotic spindle

damage, the inhibition of ribosome biogenesis, nutritional star-

vation, depletion of ribonucleotide triphosphates and even the

activation of selected oncogenes (e.g. c-Myc, Ras and E2F-1;

Figure 1). These signals are detected and communicated to p53

via a wide variety of enzymes that mediate the modifications of

p53 protein, such as phosphorylation, acetylation, methylation,

ubiquitination, summolation and neddylation, which lead to the

increase of p53 protein half-life and therefore p53 protein

accumulation in cells (Figure 1). As a transcription factor, the

activated p53 protein binds to a specific DNA sequence, termed

the p53-responsive element (RE) to regulate p53 target genes.

A p53-RE is composed of RRRCWWGYYY(spacer of 0–21

nucleotides)RRRCWWGYYY, where R is a purine, W is A or T,

and Y is a pyrimidine (el-Deiry et al., 1992). Thus, activated p53

selectively transcribes its target genes to start various cellular

responses. Depending on cell type, environmental context, and

the type and/or degree of stress, p53 induces cell cycle arrest,

apoptosis or senescence to prevent the propagation of these

damaged or mutant cells that could potentially become cancerous

(Levine et al., 2006; Vousden and Prives, 2009). Recent studies

have demonstrated that p53 exerts additional functions

(Figure 1), including DNA repair (Hwang et al., 1999; Tanaka

et al., 2000), antioxidant defense (Budanov et al., 2004;

Sablina et al., 2005), energy metabolism (Bensaad et al., 2006;

Matoba et al., 2006; Feng and Levine, 2010; Hu et al., 2010b)

and anti-angiogenesis (Teodoro et al., 2006), which all contribute

to the role of p53 in tumor suppression. To maintain the proper

functions of p53, p53 protein levels and activity are tightly regu-

lated by a wide variety of positive and negative regulators in cells

(Harris and Levine, 2005; Levine et al., 2006). Thus, p53, its reg-

ulators and downstream target genes form a complex signaling

network to respond to stress and prevent tumor formation

(Figure 1).

miRNAs
Most miRNAs localize within introns of either protein-coding or

non-coding transcriptional units. These miRNAs either have the

same orientation as their host genes and are coordinately

expressed with their host genes, or have their own promoters

independent of their host genes (Ozsolak et al., 2008). miRNAs

can also localize within exons of mRNA-like non-coding RNAs.

The maturation of miRNAs is a complex process, which includes

the transcription of primary (pri)-miRNAs, the cleavage of

pri-miRNAs to form precursor (pre)-miRNAs and the cleavage of

pre-miRNAs to form mature miRNAs (Lee et al., 2006; Bartel,

2009; Brodersen and Voinnet, 2009). First, miRNAs are tran-

scribed as primary transcripts (pri-miRNAs) in the nucleus by

RNA polymerase II. Recently it was also reported that some

miRNAs are transcribed by RNA polymerase III (Borchert et al.,

2006; Ozsolak et al., 2008). The size of pri-miRNAs is variable,

which is usually between 1 and 3 kb. Pri-miRNAs contain

hairpin structures that are recognized and cleaved by the RNase

III endonuclease Drosha in concert with its partner DGCR8. This

leads to the generation of 60–100 bp stem loops known as

pre-miRNAs. Pre-miRNAs are then exported from the nucleus to

the cytoplasm by exportin 5. In the cytoplasm, pre-miRNAs are

recognized by the RNase III endonuclease Dicer. Dicer cleaves

pre-miRNAs and generates 20–25 bp mature miRNA duplexes.

Figure 1 Tumor suppressor p53 and its signaling pathway. A wide variety of intracellular and extracellular stress signals are detected by the cell

and communicated to the p53 protein by numerous mediators (shown are representative mediators). Stress signals result in the degradation of

the MDM2 protein and the increase in the levels and activity of the p53 protein. Depending on the cell type, environmental context and the type

and/or degree of stress, activated p53 selectively transcribes a group of its target genes (shown are representative genes) and initiates various

cellular responses to exert its function in tumor suppression.
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Normally, one strand of this duplex is degraded, whereas the

other strand accumulates as the mature miRNA. The mature

miRNAs are incorporated into an RNA-induced silencing

complex (RISC), which allows the RISC to recognize target

mRNAs through partial sequence complementarity with the

3
′-UTRs of target mRNAs. The 5

′ sequence of miRNAs, particularly

those at nucleotide positions 2–7 relative to the 5
′ end of the

miRNA, are important for binding to target mRNAs and are

known as miRNA ‘seed’. While the seed is the major determinant

of mRNA target choice, the surrounding miRNA sequence also

contributes to the strength of binding (Griffiths-Jones et al.,

2006; Grimson et al., 2007). miRNAs regulate the expression of

the target mRNA through two main mechanisms: blockade of

translation at the initiation step or at the elongation step; and

removal of the polyA tail (deadenylation) by fostering the activity

of deadenylases (such as CCR4–NOT), followed by mRNA degra-

dation (Seitz and Zamore, 2006; Bartel, 2009; Brodersen and

Voinnet, 2009). Thus, by regulating the expression of genes

involved in different genetic pathways through the post-

transcriptional regulation, miRNAs have been demonstrated to

play important roles in a wide array of biological processes,

including development and cell differentiation, cell proliferation,

apoptosis and metabolism (Wightman et al., 1993; Brennecke

et al., 2003; Giraldez et al., 2005; Chen et al., 2006; Wilfred

et al., 2007).

miRNAs in cancer
Results from numerous studies have revealed the important roles

of miRNAs in tumorigenesis. miRNAs play important roles in reg-

ulating development and differentiation, cell proliferation, apop-

tosis and metabolism, all of which are often perturbed in

tumors. By knocking down the endogenous expression of 90

different miRNAs with anti-sense oligonucleotides, a study has

shown that cell proliferation and apoptosis can be regulated by

multiple miRNAs in cancer cells, which suggests that miRNAs

may promote tumorigenesis by modulating the expression of criti-

cal genes involved in tumor cell proliferation and survival (Cheng

et al., 2005). Global alterations in miRNA expression patterns are

a common feature of tumors; aberrant miRNA expression, and

amplification or deletion of miRNAs have been frequently

observed in various human tumors (Caldas and Brenton, 2005;

Lu et al., 2005; Calin and Croce, 2006; Kent and Mendell,

2006). Alteration of maturation and biogenesis of miRNAs also

greatly impacts upon tumorigenesis. It has been shown that

global repression of miRNA maturation by suppression of key

components of the miRNA biogenesis machinery in cancer cells

promotes cell growth, transformation and tumorigenesis (Kumar

et al., 2007). In addition, more than 50% of human miRNA

genes are found to be located in cancer-associated genomic

regions or at fragile sites, which further suggests the important

role of miRNAs in tumorigenesis (Calin et al., 2004).

Emerging evidence has suggested that miRNAs can act as onco-

genes or tumor suppressor genes in tumorigenesis. For example,

the miR-17-92 cluster miRNAs, which are transcribed as a polycis-

tronic unit, are highly expressed in many tumors, including lym-

phoma and colorectal cancer. They can augment the oncogenic

effect of the c-Myc and therefore function as an oncogene (He

et al., 2005; Diosdado et al., 2009; Mu et al., 2009). miR-221

and miR-222 are frequently overexpressed in lung and liver

cancers. Their overexpression has been demonstrated to

enhance tumorigenicity through the down-regulation of PTEN

and TIMP3 tumor suppressors (Garofalo et al., 2009). On the

other hand, some miRNAs have been shown to act as tumor sup-

pressors. Let-7 family miRNAs can directly suppress the

expression of oncogenes, including Ras and c-Myc, and therefore

show tumor suppressive functions (Johnson et al., 2005; Roush

and Slack, 2008). Consistent with their functions in tumor sup-

pression, their expressions are frequently down-regulated in

various cancers, including lung and colorectal cancers (Johnson

et al., 2005; Roush and Slack, 2008). miR-15a and miR-16-1 are

found to be deleted or down-regulated in more than 65% of

B-cell chromic lymphocytic leukemia (B-CLL). They can negatively

regulate anti-apoptotic protein BCL2. Therefore, decreased

expression of miR-15a and miR-16-1 up-regulates BCL2 levels

and reduces apoptosis, thereby contributing to malignant trans-

formation (Calin et al., 2002, 2008).

The transcription regulation of
miRNAs by p53

The interactions between p53 and miRNAs have been first demon-

strated through the identification of several miRNAs as direct p53

target genes. As a transcription factor, p53 mainly exerts its func-

tion through its transcriptional regulation of protein-coding target

genes to initiate cellular responses. Recent studies have revealed

a novel mechanism for p53 in tumor suppression: p53 induces the

expression of specific miRNAs which show tumor suppressive

functions. In 2007, several groups reported that p53 can directly

regulate the expression of the miR-34 family members (Chang

et al., 2007; Corney et al., 2007; He et al., 2007; Raver-Shapira

et al., 2007; Tazawa et al., 2007). miR-34 family consists of

miR-34a, miR-34b and miR-34c, which are encoded by two differ-

ent genes. miR-34a is encoded by an individual transcript and

expressed in a majority of tissues, and miR-34b and miR-34c

share a common primary transcript and are mainly expressed in

lung tissues. p53 binds to p53 REs in miR-34a and miR-34b/c pro-

moters and activates transcription of the miR-34 family. Ectopic

expression of miR-34a promotes p53-mediated apoptosis, cell

cycle arrest and senescence, whereas inactivation of endogenous

miR-34a strongly inhibits p53-dependent apoptosis in cells.

Studies have shown that miR-34 family members directly

repress the expression of several targets involved in the regu-

lation of cell cycle and in the promotion of cell proliferation and

survival. These targets involve cyclin E2, cyclin-dependent

kinases 4 and 6 (CDK4 and CDK6), and BCL2. Decreased

expression of miR-34 has been frequently observed in various

tumors (Bommer et al., 2007; Chang et al., 2007; Tazawa et al.,

2007), suggesting that loss of miR-34 could promote tumorigen-

esis. These findings, for the first time, strongly suggest that in

addition to many protein-encoding genes, miRNAs, the non-

coding genes, can also be regulated by p53 as a new class of

p53 target genes. Thus, miRNAs are involved in the composition
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of the complex p53 signaling pathway and contribute to the role

of p53 in tumor suppression (Figure 2).

In addition to the miR-34 family, p53 also directly regulates the

transcriptional expression of several additional miRNAs through

binding to the p53 REs in their promoters, including miR-145,

miR-107, miR-192 and miR-215 (Figure 2). For example,

miR-145 was identified as a direct target for p53; p53 binds to

a p53 RE in the miR-145 promoter and induces the expression

of miR-145. miR-145 negatively regulates oncogene c-Myc; over-

expression of miR-145 reduces c-Myc expression, whereas inacti-

vation of endogenous miR-145 enhances c-Myc expression. This

negative regulation of c-Myc by miR-145 accounts partially for

the miR-145-mediated inhibition of tumor cell growth both in

vitro and in vivo (Sachdeva et al., 2009). miR-107 is an additional

target gene of p53, which contributes to the role of p53 in the

regulation of hypoxic signaling and anti-angiogenesis

(Yamakuchi et al., 2010). miR-107 can repress the expression of

hypoxia inducible factor-1b (HIF-1b), which interacts with

HIF-1a subunits to form a HIF-1 complex, which is a transcription

factor that mediates the transcriptional response to hypoxia and

plays an important role in tumorigenesis. Overexpression of

miR-107 inhibits HIF-1b expression and hypoxic signaling,

whereas inactivation of endogenous miR-107 enhances HIF-1b

expression and hypoxic signaling in cells. Consistently, miR-107

levels are inversely associated with the expression levels of

HIF-1b in human colon cancer. Ectopic expression of miR-107 in

colon cancer cells suppresses angiogenesis and tumor growth

in mice. Recently, p53 was also reported to induce the expression

of miR-192 and miR-215 (Braun et al., 2008; Georges et al., 2008).

The expression of these two miRNAs is severely reduced in many

colon cancers. A set of downstream targets of miR-192 and

miR-215 were identified, which include a number of regulators

of DNA synthesis and the G1 and G2 cell cycle checkpoints in

cells, such as CDC7, MAD2L1 and CUL5 (Georges et al., 2008).

Overexpression of miR-192 and miR-215 in tumor cell lines can

all result in the increased p21 protein levels, cell cycle arrest

and suppression of tumor cell colony formation. Furthermore,

these effects were partially p53-dependent. Taken together,

these findings suggest an important role of p53 in the regulation

of miRNA expression, and at the same time, also suggest an

important role of miRNAs in mediating the role of p53 in tumor

suppression as a new class of p53 target genes.

p53 regulates miRNA processing
and maturation
A recent study revealed an additional mechanism for p53 in the

regulation of miRNAs; p53 promotes the post-transcriptional

maturation of miRNAs (Suzuki et al., 2009). Drosha plays a critical

role in the processing of pri-miRNA transcripts into pre-miRNAs.

For the maturation of some miRNAs (but not all), Drosha requires

the involvement of RNA-associated proteins such as the DEAD

box RNA helicases p68 and p72 (also known as DDX17) to carry

out its function. It was recently reported that p53 promotes

the Drosha-mediated processing of certain miRNAs with

growth-suppressive functions, including miR-16-1, miR-143 and

miR-145, in cells in response to DNA damage, such as doxorubicin

treatment. These miRNAs are decreased in various human

cancers, and overexpression of these miRNAs reduces tumor

cell proliferation. These miRNAs negatively regulate some impor-

tant regulators of the cell cycle and cell proliferation, such as

K-Ras (as a target of miR-143) and CDK6 (as a target of

miR-16-1 and miR-145). The study further shows that p53 inter-

acts with Drosha in doxorubicin-treated cells and this interaction

requires p68 and p72. p53 also mediates the interaction of

pri-miRNAs with Drosha in response to doxorubicin and is

required for the increased pri-miRNA processing activity that is

associated with Drosha. Furthermore, DNA mutations in the p53

gene, such as R175H and R273H which are frequently observed

in tumors, can lead to the decreased processing of pri-miRNAs

by Drosha and decreased levels of pri-miRNAs and mature

miRNAs in cells, including miR-16-1, miR-143 and miR-145.

These findings suggest that transcription-independent modu-

lation of miRNA biogenesis is intrinsically embedded in a tumor

suppressive program governed by p53, which could be a new

mechanism by which p53 mutation contributes to cancer. Further

investigation would establish the full repertoire of miRNAs

whose maturation is regulated by p53 through the aforementioned

mechanism, and furthermore, would provide insights into how

the specificities of recognition of pri-miRNAs are determined.

While p53 promotes the maturation of miRNAs, p53 also moni-

tors the maturation of miRNAs. Loss of maturation of miRNAs

can activate the p53 signaling and induce p53-mediated senes-

cence (Mudhasani et al., 2008). The ablation of Dicer and loss of

mature miRNAs in embryonic fibroblasts activate p53 and induce

senescence which could be rescued by deletion of p53

(Mudhasani et al., 2008). Since p53-mediated senescence is an

important mechanism by which p53 exerts its function in tumor

suppression, loss of p53 function may greatly facilitate the tumori-

genic potential of cells with reduced levels of mature miRNAs.

Figure 2 The transcription regulation of specific miRNAs by p53. p53

induces the expression of a set of miRNAs, including miR-34a/b/c,

miR-145, miR-107, miR-192 and miR-215, which can all contribute

to the role of p53 in tumor suppression as a new group of p53

target genes. miR-34a/b/c down-regulate CDK4 and CDK6 to

induce cell cycle arrest, and down-regulate BCL2 to promote apopto-

sis. miR-145 down-regulates c-Myc to reduce cell proliferation.

miR-192 and miR-215 down-regulate a group of genes which regulate

DNA synthesis and cell cycle checkpoints, including CDC7, MAD2L1

and CUL5, to induce cell cycle arrest and reduce tumor cell growth.

miR-107 down-regulates HIF-1 beta to negatively regulate hypoxia

signaling and suppress angiogenesis.
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The regulation of the p53 and its
pathway by miRNAs
Computational analyses estimate that over 30% of all genes

and the majority of genetic pathways are subject to regulation

by multiple miRNAs (Bentwich et al., 2005; Lim et al., 2005;

Griffiths-Jones et al., 2006). This raises a possibility that some

specific miRNAs could regulate p53 and its pathway. To test

this possibility, we screened for miRNAs which could potentially

regulate p53 expression by performing an in silico search for

putative binding sites of miRNAs in the 3
′-UTR of human p53

gene. Through this approach, we identified miR-504 as a novel

miRNA that can negatively regulate p53 expression through its

binding to two binding sites in human p53 3
′-UTR (Hu et al.,

2010a). Our results demonstrate that ectopic expression of

miR-504 reduces p53 protein levels and impairs p53 functions,

especially p53-mediated apoptosis and G1 cell cycle arrest in

cells in response to stress. Furthermore, miR-504 overexpression

promotes tumorigenicity of colon cancer cells in vivo (Hu et al.,

2010a). Our results demonstrate that p53 is subject to the nega-

tive regulation of specific miRNAs, which is a novel mechanism

for cells to regulate p53 protein levels and functions

(Figure 3). In addition to our study, a recent study reported

that miR-125b is another novel miRNA targeting p53 (Le et al.,

2009). miR-125b is a brain-enriched miRNA, which acts as a

negative regulator of p53 in both zebrafish and humans.

Overexpression of miR-125b represses the endogenous levels

of p53 protein and reduces apoptosis in cells, whereas knock-

down of miR-125b increases the levels of p53 protein and

induces apoptosis in human cells and zebrafish brain. These

results demonstrate that miR-125b is an important negative reg-

ulator of p53 and p53-induced apoptosis during development

and during the stress response.

In addition to the direct negative regulation of the p53 protein

by miRNAs, recent studies also show that p53 can be indirectly

regulated by several miRNAs through the regulation of regulators

of p53 in cells, including miR-34a, miR-29 and miR-122 (Figure 3).

miR-34a, a transcription target of the p53 protein, was found to

positively regulate p53 activity and function in apoptosis

through its direct negative regulation of SIRT1 (Yamakuchi

et al., 2008). SIRT1 is a negative regulator of p53, which phys-

ically interacts with p53 and deacetylates Lys382 of p53 (Luo

et al., 2001). Overexpression of miR-34a decreases SIRT1

expression, leading to the increase in acetylated p53 levels and

p53 activity, which in turn induces apoptosis in a p53-dependent

manner in cells (Yamakuchi et al., 2008). Recently, miR-29 was

identified as another positive regulator of p53 (Park et al.,

2009). miR-29 family members (miR-29a, miR-29b and miR-29c)

up-regulate p53 protein levels and induce p53-mediated apopto-

sis through repression of p85a, a regulatory subunit of PI3 kinase

(PI3K). The PI3K/AKT pathway can negatively regulate p53 activity

through the direct phosphorylation and activation of MDM2 by

AKT (Zhou et al., 2001). As a positive upstream regulator of

AKT, PI3K is composed of a catalytic subunit, p110, and a regulat-

ory subunit, p85a, which binds to p110 and stabilizes it. By tar-

geting p85a, miR-29 family members reduce PI3K/AKT activity

and this results in the reduced phosphorylation of AKT and

MDM2, which in turn leads to the activation of p53. Thus,

miR-29 up-regulates p53 through the negative loop between

PI3K–AKT–MDM2 and p53. Down-regulation of miR-29 miRNAs

has been reported in various cancers, including leukemia, and

lung and breast cancers. Furthermore, miR-122 was recently

shown to increase p53 protein levels and activity through its

negative regulation of cyclin G1 (Fornari et al., 2009). MiR-122

is a liver-specific miRNA; its down-regulation is a common

feature of both human and mouse liver cancer. Cyclin G1 is tran-

scriptionally regulated by p53. Cyclin G1 protein forms a complex

with the PP2A phosphatase, and removes a phosphate residue

from MDM2, which is added to the MDM2 protein by cyclin A/

cdk2 (Okamoto et al., 2002). The phosphorylation of MDM2 by

cyclin A/cdk2 inhibits MDM2 activity, and the cyclin G1/PP2A

enhances MDM2 activity and inhibits p53. Thus, cyclin G1 forms

a negative feedback loop with p53 to negatively regulate p53.

Cyclin G1 is overexpressed in several human cancers, including

breast cancers. By directly repressing the expression of cyclin

G1, miR-122 increases p53 protein levels and activity and inhibits

tumorigenesis in liver cancer.

Conclusion
These findings from recent studies have demonstrated that p53

cross-talks with miRNAs at multiple levels. First, p53 induces

the transcription expression of a set of miRNAs, including

miR-34a/b/c, miR-145, miR-107, miR-192 and miR-215. These

miRNAs have been shown to be able to mediate the role of p53

in tumor suppression through inducing apoptosis, cell cycle

arrest and/or senescence (Figure 2). Second, p53 promotes the

Drosha-mediated processing and maturation of certain miRNAs

with growth-suppressive function, including miR-16-1, miR-143

and miR-145. At the same time, p53 monitors the maturation of

miRNAs; loss of miRNA maturation activates p53 and induces

p53-mediated senescence. Third, miRNAs can negatively regulate

p53 function through direct repression of the p53 protein, or can

positively regulate p53 activity and function through the

Figure 3 Multiple miRNAs regulate the activity and function of p53.

miR-125b and miR-504 directly down-regulate p53 protein levels

and functions in apoptosis and cell cycle arrest through their direct

binding to p53 3
′-UTR. miR-34a up-regulates p53 activity and function

by down-regulating SIRT1, which is a negative regulator of p53

through deacetylating p53. miR-122 enhances p53 activity through

its down-regulation of cyclin G1, which forms a complex with PP2A

phosphatase and enhances MDM2 activity to inhibit p53. miR-29

down-regulates p85a, a regulatory subunit of PI3K, and thereby

enhances p53 activity through the negative loop between

PI3K-AKT-MDM2 and p53.
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regulation of some negative regulators of the p53 protein. For

example, p53 can be negatively regulated by specific miRNAs,

such as miR-504 and miR-125b, which can directly down-regulate

p53 protein levels and function. At the same time, some specific

miRNAs positively regulate p53 through the direct repression of

SIRT1 (by miR-34a), p85a (by miR-29) or cyclin G1 (by miR-122)

(Figure 3). These findings demonstrated that through the regu-

lation of transcription expression and/or maturation of specific

miRNAs by p53, miRNAs could be a new group of p53 target

genes to mediate the function of p53 in tumor suppression. At

the same time, miRNAs could be a new group of regulators for

p53, joining a panel of kinases (e.g. ATM, ATR), ubiquitin

ligases (e.g. MDM2, Cop1, Pirh2) and phosphatases (e.g. Wip1,

PP2A) to tightly regulate the levels and activity of p53 (Figure 1).

miRNAs have emerged as a class of most abundant regulatory

genes in humans. Over 700 miRNAs have been identified, and

more miRNAs are expected to be identified. Each miRNA is pre-

dicted to have numerous putative targets that have disparate

functions. A tremendous amount of work has been done on the

miRNAs since their discovery, which makes miRNAs one of the

most rapidly growing fields. However, the miRNA world remains

largely uncharted since the biological functions and target

genes of most miRNAs remain unknown. With the identification

of more targets of miRNAs and biological functions of miRNAs,

we are expecting that more miRNAs will be identified to regulate

one or more gene products involved in the p53 signaling pathway

which consists of hundreds of proteins. These miRNAs can posi-

tively or negatively regulate the activity and function of the p53

signaling pathway. Furthermore, with the identification of more

miRNAs, more miRNAs could be identified as direct p53 target

genes. Therefore, we are only beginning to see how miRNAs

join the p53 network, and many questions remain to be

addressed. One of future challenges is to identify systematically

all the miRNAs that regulate the p53 signaling pathway or are

regulated by the p53 pathway in different cellular contexts and,

furthermore, to study the physiological and pathological (e.g.

tumor) significance of these regulations.

miRNA dysregulation has been suggested to be an important

mechanism for the aberrant expression of a list of oncogenes

and/or tumor suppressor genes which are not affected directly

by genetic mutations or transcriptional regulation in tumorigen-

esis. The activity and function of p53 are frequently down-

regulated in a number of cancers without mutations in the p53

gene itself, and miRNA dysregulation could be an important

mechanism. Considering the relative chemical simplicity of

miRNA molecules, introduction of miRNAs or miRNA antagonists

into tumor cells to restore the tumor-suppressive effects of p53

raises exciting possibilities for novel tumor therapeutic

approaches. It would be of interest to investigate whether we

can restore p53 function and induce tumor regression by introdu-

cing specific p53-induced miRNAs and miRNAs positively regulat-

ing p53 function which are down-regulated in tumors, or by

introducing antagonists for specific miRNAs which negatively

regulate p53 functions and are up-regulated in tumors. These

future studies will provide new insights into the interactions

between miRNAs and the p53 pathway and open a new window

for therapeutic intervention in cancer.
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