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The control of cell proliferation by microRNAs (miRNAs) is well established and the alteration of these small,
non-coding RNAsmay contribute to tumor development by perturbing critical cell cycle regulators. Oncogenic
miRNAs may facilitate cell cycle entry and progression by targeting CDK inhibitors or transcriptional
repressors of the retinoblastoma family. On the other hand, tumor suppressor miRNAs induce cell cycle arrest
by downregulating multiple components of the cell cycle machinery. Recent data also suggest that miRNAs act
co-ordinately with transcriptional factors involved in cell cycle regulation such as c-MYC, E2F or p53. These
miRNAs not only can potentiate the function of these factors but they may also limit the excessive translation
of cell cycle proteins upon mitogenic or oncogenic stimuli to protect cells from replicative stress. The
implications of these regulatory networks in cell proliferation and human disease are discussed.
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1. Introduction

The cell division cycle is regulated through multiple molecular
pathways and checkpoints. Most adult mammalian cells are quiescent
(i.e. out of the cell cycle) and re-entry into the cell cycle requires the
inactivation of the retinoblastoma protein (pRB) and the transcription
of genes required for DNA replication during S (for DNA Synthesis)
phase or chromosome segregation during mitosis (M phase) [1]. Most
mitogenic pathways result in the transcriptional induction of D-type
cyclins and the subsequent activation of cyclin-dependent kinases
(CDKs) such as CDK4 and CDK6 (Fig. 1). These kinases, as well as other
family members, phosphorylate and inactivate pRB, a transcriptional
repressor that inhibit E2F transcription factors and recruit chromatin
remodeling complexes that lead to the repression of targeted genes
[1]. Upon mitogenic stimuli, the active CDK4/6-cyclin D complexes
inactivate pRB, leading to the E2F-dependent transcription of cell
cycle genes. Once the DNA replication machinery is expressed, cells
are committed to S-phase and progression throughout the cell cycle is
monitored by a variety of checkpoints that are able to arrest or delay
the cell cycle in the presence of DNA damage, defective replication or
mitotic aberrancies. For instance, a variety of anti-proliferative signals
leads to the expression of several CDK inhibitors, such as themembers
of the INK4 (p16INK4a, p15INK4b, p18INK4c or p19INK4d) or Cip/Kip
(p21Cip1, p27Kip1 and p57Kip2) families [1,2].

Once the genome is replicated during S-phase, cells are ready to
segregate the two genomes into two daughter cells during mitosis.
Since most proteins required for mitosis have been synthesized in the
earlier phases of the cell cycle, the regulation of the G2/M transition
and mitotic exit mostly depends on post-translational mechanisms.
CDK1, when bound to A- or B-type cyclins, is a major kinase required
for mitotic entry through the phosphorylation of a significant number
of cytoplasmic and nuclear substrates [3]. Other kinases required for
the duplication and maturation of centrosomes include members of
the Polo-like kinases (PLK) and Aurora kinases [4]. These proteins, as
well as many other regulators involved in the cytoplasmic and nuclear
changes required for mitosis, control the establishment of a bipolar
spindle and the orderly segregation of chromosomes into the two
daughter cells. Mitotic exit (i.e. reformation of two interphasic nuclei)
requires the elimination of a significant number of cell cycle
regulators by proteolysis. This is mediated at least partially by the
Anaphase-promoting complex (APC/C), an E3 ubiquitin ligase that
targets multiple cell cycle proteins with ubiquitin for proteasome-
dependent degradation [5,6].

Since cell cycle progression requires the presence and activity of
multiple proteins that are not expressed in quiescent cell, the
regulation of the levels of these proteins is a central issue in the
understanding of the control of the cell cycle and its deregulation in
human disease. For instance, genetic mutations leading to the
overexpression of cyclins or the elimination of several CDK inhibitors
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Fig. 1. An overview to cell cycle control by microRNAs. Some interactions have been omitted for clarity. let-7 (let-7a-f) and miR-15 (miR-15, miR-16 and miR-195) indicate several
members of the corresponding family. Most miRNA names correspond to mature forms whereas miRNAs clusters are shown in italics. miRNAs with proliferative potential are shown
in red whereas antiproliferative miRNAs are in blue. S, S-phase; M, Mitosis; G1 and G2 indicate transition phases of the cell cycle whereas G0 indicate quiescent cells. Please note that
most of these interactions come from luciferase reporter assays and need to be validated using additional methods.
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(such as p16INK4a or p27Kip1) or pRB are a common finding in human
cancer, suggesting that the proper control of the protein levels of
these regulators is crucial for cell division [1]. As indicated above, the
levels of cell cycle regulators may be controlled by post-transcrip-
tional mechanisms. Among them, the central role of proteolysis in the
timely elimination of cell cycle regulators is well established [6–8].
Recent evidences suggest that microRNAs (miRNAs) may also control
the levels of multiple cell cycle regulators and may therefore control
cell proliferation. In fact, deregulation of miRNAs may also lead to
proliferative diseases such as cancer by altering the protein levels of
critical oncogenes or tumor suppressor genes [9,10]. Not surprisingly,
the expression of miRNAs is controlled by typical cell cycle pathways
suggesting that miRNAs should also be considered as important
players of the mammalian cell cycle.

2. Control of the cell cycle by miRNAs

miRNAs are a class of endogenously expressed, noncoding RNAs
that control the stability and translation of protein-coding mRNAs
[11,12]. These small (18–25 nucleotides) RNAs are incorporated into
miRNA–protein complexes that bind the 3′ untranslated region
(3′UTR) of target mRNAs [13]. These target regions display partial
complementary homology with miRNAs and the binding of miRNA–
protein complexes can be avoided by mutating critical target residues
in the 3′UTR of target transcripts. The corresponding nucleotides in
the mature miRNA sequence that display homology with the target
mRNAs are known as the ‘seed’ sequence. The binding of miRNA–
protein complexes to mRNAs may inhibit translation or destabilize
target transcripts resulting in the downregulation of the protein
encoded by the respective mRNA [12]. Bioinformatics estimates
suggest that more than 30–60% of the human genome may be
subjected to regulation by miRNAs [12,14]. By modulating the
expression of target transcript, miRNAs can therefore affect many
different signaling pathways and cellular processes such as
proliferation, differentiation or apoptosis [15–17]. No wonder, the
control of critical targets by miRNAs has multiple implications in
cancer [10,18] and miRNAs can also considered as cancer targets
[19,20].
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2.1. Control of the G1/S transition by miRNAs

One of the first solid links between miRNAs and cell cycle
regulation was established in the analysis of the anti-proliferative
potential of the mir-15a-16-1 cluster. This cluster expresses two
mature miRNAs, miR-15a and miR-16, that share a similar seed
sequence and therefore belong to the same miRNA family (miR-15
family). Interestingly, the mir-15a-16-1 cluster was identified as the
target of some specific chromosome aberrations in chronic lympho-
cytic leukemia (CLL) patients in the pioneer study that first linked
genetic aberrations in miRNA with cancer [21]. This miRNA cluster is
deleted and/or down-regulated in about 70% of CLL [21], as well as in
pituitary adenomas [22] , prostate cancer [23,24] and in gastric cancer
cell line [25], suggesting an important role in tumor development.

The mir-15a-16-1 cluster may induce cell cycle arrest at the G1
phase by targeting critical cell cycle regulators such as CDK1, CDK2
and CDK6 as well as cyclins (D1, D3 and E1) [24,26–28]. In fact, these
major cell cycle kinase complexes are regulated by several other
miRNAs (Fig. 1 and Table 1). Thus, CDK4 or CDK6 mRNAs are also
targeted by miR-24, miR-34a, miR-124, miR-125b, miR-129, miR-137,
miR-195 (another member of the miR-15 family), miR-449 and let-7
family members [29–37]. Several positive regulators of CDK4/6
activity are also targeted by miRNAs such as D-type cyclins or
CDC25A, a phosphatase that eliminates inactivating phosphates in
CDKs (Fig. 1 and Table 1). D-type cyclins are major integrators of
mitogenic signaling as their synthesis is one of the main endpoints of
the RAS/RAF/MAPK pathway as well as other mitogenic routes [38].
The levels of D-type cyclins are downregulated by let-7, miR-15
family, miR-17, miR-19a, miR-20a, and miR-34, [23,32,35,37,39–42].
miR-26a directly downregulates cyclins D2 and E2 and induces a G1
arrest of human liver cancer cells in vitro. AAV-mediated miR-26a
delivery potently suppresses cancer cell proliferation and activates
tumor-specific apoptosis in vivo, resulting in dramatic suppression of
tumor progression without toxicity [39]. miR-16 andmiR-34a are also
able to downregulate cyclin E [28]. As expected, most of thesemiRNAs
display antiproliferative properties, function as tumor suppressors
and they are inactivated in cancer by different mechanisms (Table 1).
For instance, miR-124 and miR-137 are silenced by hypermethylation
in tumor cells of different origins leading to CDK6 overexpression [43].
The overexpression of CDK/cyclin complexes is likely to result in
increased phosphorylation of pRB thus liberating active E2F factors to
drive G1 progression and S-phase entry.

The first study that revealed that E2F is targeted bymiRNAs was by
O'Donnell et al. [44]. These authors showed that E2F1 is negatively
regulated by two miRNAs of the mir-17-92 cluster, miR-17-5p and
miR-20a [see also [45]]. Moreover, the levels of those microRNAs
inversely correlate with E2F1 levels in tumors samples from colon
cancer patients, suggesting that these miRNAs promotemalignancy in
many tissues by rendering cells insensitive to the apoptotic abilities of
E2F1 [46]. In addition to the mir-17-92 cluster, other miRNAs play a
role in cell cycle progression by downregulating E2Fs. E2F1 is
inhibited by miR-149*, miR-330 and miR-331-3p resulting in cell
cycle arrest in prostate and gastric cancer cells [47–49]. E2F3, on the
other hand, is targeted bymiR-125b, miR-210 andmiR-195 [35,50,51]
(Fig. 1 and Table 1).

miRNAs are also able to facilitate cell cycle entry and G1
progression by targeting negative regulators of the CDK4/pRB
pathway. pRB itself is targeted by miR-106a and the overexpression
of this miRNA results in pRB downregulation in cancer cells [52].
Other members of the pRB family, p107/RBL1 and p130/RBL2 are
controlled by two microRNA clusters,mir-290 andmir-17-92 [53–55].
Expression of a single miRNA of the mir-17-92 cluster, miR-17-5p, is
sufficient to drive a proliferative signal in cultured cells [55].
Downregulation of the mir-290 cluster, on the other hand, leads to
increase mRNA leves of RBL2 whose product downregulates DNA
methylase expression leading a significant hypomethylation of the
genome. These findings indicate that miRNAs of the miR-290 family
may have important roles in fundamental processes such as
epigenetic regulation in addition to development and tumorogenesis
[53].

Finally, some cell cycle inhibitors of the INK4 or Cip/Kip families
are also tightly regulated by miRNAs. p16INK4a, a CDK4/6 specific
inhibitor, is controlled by miR-24 and miR-31 [31,56]. Both miRNAs
are involved in the regulation of cell proliferation and progress
through the cell cycle at least in part by regulating the levels of this
CDK inhibitor. p21Cip1, a p53 target, is a direct target ofmir-17-92 and
miR-106b [57,58]. p27Kip1 and p57Kip2 are controlled by miR-221/222
andmiR-181 [58–60]. Ectopic expression of themir-221-222 cluster is
thought to activate CDK2 and enhance tumor growth by negatively
regulating both p27Kip1 and p57Kip2 [61].

2.2. Entry and progression through mitosis

Although most cell-cycle-targeting miRNAs modulate cell cycle
entry and the G1/S transition, a few examples exist for the role of
miRNAs in later phases of the mammalian cell cycle. Once cells have
duplicated their genome, the control of the cell cycle is mostly driven
by CDK1 in complex with cyclin A or cyclin B (CDK2 is also activated
by A-type cyclins). miR-125b, miR-24 and let-7 miRNAs are able to
downregulate the expression of Cyclin A or Cyclin B [40,51,62]. miR-
195,miR-516-3p andmiR-128a can also downregulateWEE1, a kinase
that function as a negative regulator of the CDK1-Cyclin B complex at
the G2/M transition [63,64]. As described in the previous section, the
control of Cip/Kip CDK inhibitors by miRNAs may also affect mitotic
entry by modulating CDK1 activity.

Not many other examples of miRNAs regulating mitosis exist.
Polo-like kinase 1 (PLK1) is a critical regulator of mitosis at several
levels. This kinase phosphorylates CDC25C, which in turn activates
CDK1-Cyclin B1 complexes, resulting in its translocation into the
nucleus and mitotic entry [65]. miR-100 has been proposed to target
PLK1 mRNA, and downregulation of miR-100 leads to PLK1 over-
expression in naso-pharyngeal cancer cell [66]. Finally, Aurora B
kinase, a protein that functions in the attachment of the mitotic
spindle to the centromeres, has been recently described as a target of
miR-24 which recognizes seedless but highly complementary
sequences in the Aurora B-encoding transcript [62]. Yet, the functional
significance of the control of these mitotic proteins by miRNAs
remains mostly unexplored.

3. Cell cycle-dependent regulation of miRNAs

miRNA-encoding genes are transcribed by RNA polymerases II or
III to yield primary transcripts (pri-miRNAs), which are then
processed by the nuclear RNase III Drosha to form stem-loop
structures. These pre-miRNAs are transported to the cytoplasm
where the RNase III Dicer cleaves the double-stranded portion of
the hairpin and generates a double strand RNA that is subsequently
unwound giving rise to the mature miRNA [12,67]. In general,
transcription of miRNAs is thought to be regulated similarly to that
of protein-coding genes.

At least 10% of the human genome is known to be regulated in a
cell-cycle dependent manner [68]. The induction of miRNAs in a cell-
cycle dependent manner has been recently studied in primary
fibroblasts stimulated with serum suggesting a similar ratio of cell-
cycle regulated miRNAs [69,70]. In fact, several miRNAs are known to
be induced or repressed by critical transcription factors that control
the cell cycle (Table 2).

3.1. Transcriptional regulation of miRNAs by MYC

c-MYC is a transcription factor that regulates numerous genes thus
playing an important role in cellular processes such as development,



Table 1
Control of cell cycle regulators by microRNAs and relevance of these small RNAs in cancer.

miRNA Cell cycle regulatora Deregulation in cancerb References

let-7 family CDC25A, CDC34, CDK4, CDK6,
Cyclin A, D1, D2 and D3, c-MYC

Downregulated in leukemias, lymphomas, melanoma, lung, breast, gastric, gastric,
pancreatic, pituitary, ovarian, kidney, prostate and colon cancer, hepatocellular carcinoma,
multiple myeloma.

[37,40,82,112,113,
127,128,141]

miR-15 family
(miR-15, miR-16
and miR-195)

CDC27, CDK6, Cyclin D1, D3 and
E1, E2F3 and WEE1

Downregulated in CLL, DLBCL, multiple myeloma, pituitary adenoma, prostate and
pancreatic cancer

[23,26–28,35,
63,64,69]

mir-17-92 cluster (miR17, miR-18a, miR-19a; miR-20a; miR-19b-1; miR-92-1) and paralogous clusters (mir-106a-92-2 and mir-106b-25)
miR-17 family
(miR17, 20, 106, 93)

Cyclin D1, E2F1, MYCN, p21Cip1
and pRb family

Overexpression in lung and colon cancer, lymphoma, multiple myeloma, medulloblastoma.
Downregulated in melanoma, ovarian and breast cancer

[41,44,45,54,55,57,
58,79,93,117,119]

miR-19a CyclinD1 Deregulated in leukemias, hepatocellular carcinoma, colorectal and lung cancer [42]
miR-25 p57Kip2 Deregulated in glioblastoma, hepatocellular carcinoma, colorectar, gastric, pancreatic and

prostate cancer
[58]

miR-24 AURKB, CDK1, CDK4, Cyclin A2,
Cyclin B, E2F2, MYC, p16INK4a

Deregulated in some leukemias, hepatocellular carcinoma and prostate cancer [31,62]

miR-26a Cyclin D2 and E2 Downregulated in leukemia, Burkitt lymphomas, glioma, pituitary, thyroid, liver, kidney,
ovarian, bladder and breast cancer

[39]

miR-31 p16INK4a, p19INK4d Deregulated in bladder, breast, colorectal, liver, lung, pancreatic and prostate cancer [56]
miR-34a CDK4, CDK6, Cyclin D1, Cyclin

E2, E2F1, E2F3 and c-MYC
Deregulated in CLL, medulloblastoma, neuroblastoma, retinoblastoma, glioblastoma,
colorectal, liver, melanoma, pancreatic, thyroid and prostate cancer

[32,98,104]

miR-100 PLK1 Deregulated in bladder, ovarian, pancreatic, prostate and nasopharyngeal cancer [66]
miR-124a CDK6 Deregulated in ALL, CLL, medulloblastoma, hepatocellular carcinoma and breast, colorectal

and lung cancer
[29,30,142]

miR-125b CDC25A, CDK6, Cyclin A, E2F3 Deregulated in neuroblastoma, medulloblastoma, liver, bladder, breast and prostate cancer [33,51]
miR-128a WEE1 Deregulated in ALL, AML, glioblastoma, pituitary adenomas and breast cancer [63,64]
miR-129 CDK6 Reduced expression in multiple tumor cell lines and primary tumors (medulloblastoma,

undifferentiated gastric cancers, lung adenocarcinoma, endometrial, ovarian and bladder
cancer and colorectal and hepatocellular carcinoma)

[118]

miR-137 CDK6 Deregulated in colorectal cancer and hepatocellular carcinoma [29,30,142]
miR-145 c-MYC Deregulated in leukemias, Burkitt lymphomas, bladder, breast, colorectal, ovarian, gastric,

lung, pancreatic, prostate cancer and hepatocellular carcinoma
[143]

miR-149* E2F1 Neuroblastoma [47]
miR-155 WEE1 Deregulated in leukemias and lymphomas, Pituitary Adenomas, hepatocellular carcinoma,

breast, colorectal, ovarian, lung and pancreatic cancer
[63,64]

miR-181 family
(miR-181a, b
and c)

p27Kip1 Deregulated in leukemias, glioblastoma, hepatocellular carcinoma, breast, colorectal, lung,
pancreatic and prostate cancer

[60]

miR-210 E2F3 Deregulated in leukemias, lymphomas, glioblastoma, breast, kidney, lung, pancreatic,
prostate and ovarian cancer

[50]

miR-221 family
(miR-221 and miR-222)

p27Kip1, p57Kip2 Deregulated in leukemias, glioblastoma, breast, pancreatic, prostate, ovarian, bladder, and
gastric cancer, melanoma and hepatocellular carcinoma

[58,59,121,122,
144,145]

miR-290 cluster p130/RBL2 [53]
miR-330 E2F1 Downregulated in follicular lymphoma, oral squamous cell carcinoma and prostate cancer [48]
miR-331-3p E2F1 Human gastric cancer [49]
miR-322/424, miR-503 CDC25A Deregulated in some leukemias, kidney, ovarian and pancreatic cancer. [146]
miR-449a/449b CDC25A, CDK6 Downregulated in prostate cancer [95]
miR-503 CDC25A Deregulated in retinoblastoma and prostate cancer [146]
miR-504 p53 [147]
miR-516a-3p WEE1 Upregulated in breast cancer and in pituitary adenomas [63,64]
miR-1285 p53 [148]
miR-1296 MCM2 prostate cancer [149]

a Note that most of these interactions have been only validated using luciferase reporter assays.
b Data from the indicated references or from http://www.mir2disease.org/.
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differentiation, cell proliferation and apoptosis [71–73]. c-MYC also
controls the cell cycle by modulating the levels of several regulators of
progression through G1 as well as DNA replication. Deregulated
expression of c-MYC has been detected in a wide variety of human
cancers, including breast and colon, and is often associated with
aggressive, poorly differentiated tumors [74,75]. c-MYC also controls
the production of many non-coding RNAs, including tRNA, rRNA and
miRNAs, and these RNAs are likely to contribute substantially to the
complex biology and pathology that is associated with c-MYC [76,77].

In a pionner study in 2005, J.T. Mendell and coworkers reported
the direct induction of the mir-17-92 cluster by c-MYC [44]. This
cluster of six miRNAs is considered as an oncogene and cooperates
with c-MYC to accelerate tumor development in a mouse model of
B-cell lymphoma [78]. Expression ofmir-17-92 is high in proliferating
cells and this miRNA cluster has also been functionally implicated in
several solid tumors as well as in tumor angiogenesis [52,79]. This
cluster, as well as the paralogous cluster mir-106a-92-2, are also
induced by MYCN, a transcription factor shown to promote cell cycle
progression in neuroblastoma cells [80]. Other miRNAs were also
induced after overexpression of MYCN in the same study although
direct binding to target promoters was not tested. Both c-MYC and
MYCN also induce miR-9, a miRNA that targets CDH1, the E-cadherin-
encoding mRNA, leading to increased cell motility and invasiveness,
as well as to increased tumor angiogenesis [81].

Despite the relevance of the induction of themir-17-92 cluster and
miR-9 by c-MYC, the activity of this transcription factor has a major
effect as a repressor of many other miRNAs. miRNA expression has
been reported to be globally reduced in tumor samples and inhibition
of miRNA biogenesis accelerates tumorigenesis in vivo [82]. c-MYC
may participate in the tumor-associated repression of miRNAs by
directly repressing several miRNA clusters such asmir-15a-16-1, miR-
22, miR-23a/b, miR-26, miR-29 and several let-7 clusters [83]. Many of

http://www.mir2disease.org/


Table 2
Cell cycle-dependent regulation of miRNA expression by transcription factors.

Cell cycle regulator miRNA gene or cluster Relationship References

c-MYC let-7 (several clusters) Repression [83]
mir-9 Induction [81]
mir-15a-16-1 Repression [83]
mir-17-92 Induction [44]
mir-22 Repression [83]
mir-23a-24-2 and mir-23b-24-1 Repression [150]
mir-26a-1 and mir-26a-2 Repression [83]
mir-26b Repression [83]
mir-29b-2-29c and mir-
29b1-29a

Repression [83]

mir-30e-30c-1 Repression [83]
mir-34a Repression [83]
mir-146a Repression [83]
mir-150 Repression [83]
mir-497-195 Repression [83]

MYCN mir-9 Induction [81]
mir-17-92 Induction [80]
mir-106a-92-2 Induction [80]
mir-221-222 Induction [80]

E2Fs (mostly E2F1
and E2F3)

let7a-d Induction [69]
let7i Induction [69]
mir-15b-16-2 Induction [69]
mir-17-92 Induction [44,91]
mir-106b-25 Induction [69]
mir-449c-b-a Induction [95]

p53 mir-34a and mir-34b-/c Induction [98,100–104]
mir-143-145 Induction [106]
mir-194-2-192 Induction [105]
mir-194-1-215 Induction [105]
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these miRNAs downregulated by c-MYC are known tumor suppres-
sors and target critical cell cycle regulators (Fig. 1 and Table 1). For
instance, the mir-15a-16-1 locus is deleted or downregulated in over
two-thirds of individuals with chronic lymphocytic leukemia [21,84].
On the other hand, the mature miR-15a and miR-16 miRNAs target
several cell cycle genes (Table 1) although since most of these targets
have been validated in other cell types it is not clear two what extent
the anti-tumoral effect of these miRNAs relies in their cell cycle effect.
Several of the other c-MYC-repressed miRNAs also have marked anti-
tumorigenic activity in a mouse model of B cell lymphoma [83].

Although most of these miRNAs are downregulated through the
transcriptional repressor activity of c-MYC, this protein may also lead
to miRNA downregulation by alternative mechanisms. Thus, c-MYC is
able to block the maturation of specific miRNAs by inducing the RNA
binding proteins Lin28 and Lin28b [85,86], which are known to act as
negative regulators of let-7 maturation at multiple levels including
Drosha and Dicer processing [77]. Repression of multiple miRNAs by
c-MYC is likely to be an important mechanism contributing to the
reduced function of miRNAs in cancer cells [77].
3.2. E2F-dependent transcription of miRNAs

The E2F family of transcription factors plays a central role in the
control of cell cycle progression by regulating the timely expression of
genes required for DNA synthesis and mitosis at the G1/S phase
boundary [87–89]. Global gene expression profiling and promoter
occupancy studies have confirmed that many proteins crucial for cell
cycle progression are E2F targets [90]. Recent studies have also
reported direct regulation of several miRNAs by E2F transcription
factors. E2F1-3 directly bind the promoter of the mir-17-92 cluster, a
cluster that displays both oncogenic and tumor suppressor activities,
inducing its transcription [91,92]. Since several mir-17-92 miRNAs,
such as miR-17-5p and miR-20a, are able to repress E2F factors [44],
these results suggest an autoregulatory feedback loop that may be
important for preventing an abnormal accumulation of E2F1-3 and
proper regulation of cellular proliferation and apoptosis [91,92]. The
mir-106b-25 cluster is also activated by E2F1 in parallel with its host
gene, MCM7. In turn, miR-106b and miR-93 also regulate E2F1
expression, establishing a second miRNA-directed negative feedback
loop [93,94]. E2F1 induces the mir-106b-25 cluster leading to their
accumulation in gastric primary tumors [93]. Themir-449c-b-a cluster
is also a direct transcriptional target of E2F1. These miRNAs are
expressed from the first intron of the CDC20B gene and share a
common promoter with the host gene. miR-449a/b target and inhibit
oncogenic CDK6 and CDC25A resulting in pRB dephosphorylation and
cell cycle arrest at G1 phase, revealing a new negative feedback
regulation of the pRB-E2F1 pathway. miR-449a/b expression is
epigenetically repressed in cancer cells, suggesting a tumor suppres-
sor function of miR-449a/b [95].

The overall induction of miRNAs by E2F transcription factors has
been recently analyzed using expression profiles and chromatin
immunoprecipitation assays. At least four miRNA clusters, let-7a-d,
let-7i, mir-15b-16-2, and mir-106b-25, are direct targets of E2F1 and
E2F3 during G1/S and are repressed in E2F1/3 null cells [69].
Interestingly, these miRNAs do not contribute to E2F-dependent
entry into S phase but rather inhibit the G1/S transition by targeting
multiple cell cycle regulators and E2F targets. In the absence of these
miRNAs, E2F induces a stronger DNA replication activity that results
in replicative stress and the corresponding DNA damage response
(Fig. 2). Thus, E2F-induced miRNAs contribute to limiting the
cellular responses to E2F activation, thus preventing replicative
stress [69]. Additional miRNAs are also induced by E2F factors during
cell cycle entry although the consequences of this regulation have
not been studied in detail [69]. Given the known function of E2F in
inducing other oncogenic miRNAs such as the mir-17-92 and mir-
221-222 clusters (Fig. 2), control of miRNAs by E2F is likely to play
multiple roles in cell proliferation and in proliferative diseases such
as cancer.

3.3. Stress-mediated induction of miRNAs

The tumor suppressor p53 acts as a transcription factor that
regulates the expression of numerous genes, leading to cell cycle
arrest, apoptosis, and senescence in response to a variety of stress
signals [96]. Among these functions, p53 mediates the cell cycle arrest
in response to DNA damage by transcriptional induction of the CDK
inhibitor p21Cip1.

Several groups reported in 2007 the induction of the miR-34
family (miR34a, b and c) by p53 in response to stress signals [97–104].
p53 directly binds to the promoter of the mir-34a transcript and the
mir-34b-34c cluster, inducing their expression at the transcriptional
level. Ectopic expression of the miR-34 family induces cell cycle arrest
and apoptosis by down-regulating Cyclin D1, Cyclin E2, E2F
transcription factors as well as CDK4 and CDK6 among other proteins
[32,98,103] (Fig. 1 and Table 1). miR-34a is therefore thought to
contribute to a p21Cip1-independent mechanisms through which p53
induces G1 arrest [99].

Two additional clusters of miRNAs, mir-194-2-192 and mir-194-1-
215, are induced by p53, leading to the up-regulation of miR-192,
miR-194, and miR-215 [105]. These miRNAs were detected at high
levels in normal colon tissue but were severely reduced in many colon
cancer samples. On the other hand, miR-192 and its cousin miR-215
can each contribute to p53 activity and p21Cip1 levels. These effects
were partially dependent on the presence of wild-type p53, suggest-
ing that they function as an internal amplifier of p21Cip1 induction by
p53 (Fig. 3). miR-192 and miR-215 are capable of inducing cell cycle
arrest, but they trigger cell death only with lower efficiency than miR-
34a [105]. It has been also reported that p53 directly inducesmiR-145,
a miRNA that subsequently represses c-MYC, thus linking p53 with
the downregulation of c-MYC-dependent oncogenic pathways [106]
(Fig. 3). In general, the induction of miRNAs represents an attractive



Fig. 2. A model for the role of miRNAs induced by E2F transcription factors during the
cell cycle. A, Upon mitogenic signaling and during cell cycle entry, E2F factors become
active and induce the transcription of their target protein-coding genes (e.g. Cyclin E) as
well as specific miRNA clusters (let-7a-7d, let-7i, mir-15b-16-2 and mir-106b-25).
Whereas proteins induced by E2F trigger DNA replication, E2F-induced miRNAs
maintain low levels of cell cycle regulators and E2F targets (e.g. Cyclin E) to limit the
effect of E2F factors and possible to avoid replicative stress. B, In continuously growing
cells, other miRNA clusters such as mir-17-92 and mir-221-222 accumulate and may
participate in maintaining low levels of cell cycle inhibitors such as members of the Cip/
Kip family of CDK inhibitors thus promoting stable proliferation.

Fig. 3.Networks betweenmiRNAs and transcriptional regulators of the cell cycle. Only a
fewmiRNAs are indicated and additional connections between the indicated regulators
have been omitted for clarity.
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mechanism for the downregulation of several cell cycle or oncogenic
proteins observed after p53 activation.

Finally, several miRNAs are repressed by p53 in a E2F-dependent
manner [107]. These miRNAs include the three mir-17-92 paralogous
clusters (mir-17-92-1,mir-106a-92-2 andmir-106b-25) as well asmir-
15b-16-2 and mir-155 [107]. Several of these miRNAs are induced by
E2F1 and E2F3 transcription factors and regulate multiple E2F-target
coding genes [69,107]. Interestingly, the levels of thesemiRNAs do not
significantly change upon DNA damage suggesting a specific link to
the antiproliferative signals induced during senescence.

4. A complex network of interactions between miRNAs and
transcriptional factors

As suggested by the experimental data described in the previous
sections, miRNAs and transcriptional regulators cooperate in multi-
gene transcriptional and post-transcriptional feed-forward (Fig. 3).
p53 can suppress c-MYC at the transcriptional level and the p53
downstream gene, p21Cip1, is able to cause c-MYC repression. On the
other hand, p53 downregulates c-MYC through miR-145 [106]. p53
also represses several miRNAs in a E2F-dependent manner [106,107].
How p53 represses E2F factors is not clear at this moment although it
may be mediated by the p21Cip1- or miR-34a-mediated inhibition of
Cyclin-CDK complexes (Fig. 3).

E2F and c-MYC transcriptional factors also display multiple
connections. E2F1 and c-MYC positively regulate each other and
expression of E2F1 is negatively regulated by twomiRNAs, miR-17-5p
and miR-20a, expressed from themir-17-92 cluster induced by c-MYC
[44] (Fig. 3). Thus, the repression of E2F by these c-MYC-induced
miRNAs may provide fine-tuning regulation to control the opposing
proliferative and apoptotic functions of E2F. miR-24, which is
repressed by c-MYC [83], is also able to inhibits cell proliferation by
targeting E2F and c-MYC transcription factors, as well as other cell
cycle regulators [62].

The control of miRNAs by E2F transcriptional factors involves
many different interactions that are difficult to understand simply as
proliferative versus antiproliferative functions. On one hand, E2F (as
well as c-MYC) activates the cell cycle proliferation program by
inducing critical cell cycle genes such as cyclins or CDKs. Moreover,
E2F induce the oncogenic mir-17-92, mir-106b-25 and mir-221-222
clusters leading to the downregulation of all members of the Cip/Kip
family of CDK inhibitors (Fig. 3). On the other hand, some of the
miRNAs expressed in these clusters downregulate E2F factors
themselves. In addition, E2F induce antiproliferative miRNAs
expressed by let-7, mir-15b-16-2 or mir-449-c-b-a clusters, which
also downregulate E2F factors as well as many other positive
regulators of the cell cycle. It is now well established that the excess
of proliferative signals may provoke replicate stress and that the
checkpoints that respond to this stress act as an antiproliferative
barrier in cancer [108]. Thus, it is tempting to speculate that the
regulatory loops provide by miRNAs may help preventing replicative
stress induced by proliferative signals [69]. The downregulation of
several of the miRNAs involved in these regulatory loops, such as
members of the let-7 or miR-15 families, could therefore explain the
replicative stress observed in the early phases of tumor development.
5. Relevance in human disease/cancer

The relevance of miRNAs to cancer was suggested by changes in
their expression patterns [52,109] and recurrent amplification and
deletion of miRNA genes in tumors [21,110]. This has been translated
in several cases into functional validation of roles in tumor initiation
and progression using mouse models and cultured tumor cells.
Several miRNAs have emerged as candidate components of oncogene
and tumor-suppressor networks. The mir-17-92 cluster [44,78], and
miR-155/BIC [111] have been implicated as proto-oncogenes in B-cell
lymphomas. On the other hand, themir-15a-16-1 cluster is frequently
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deleted in patients with chronic lymphocytic leukaemia (CLL) [21],
and evidence from expression studies and functional studies revealed
the potential tumor-suppressive roles of let-7 in various cancers
[112,113], possibly owing to its ability to repress key oncogenic
components, including RAS and HMGA2. Several other miRNAs have
been classified as oncogenic or tumor-suppressive genes according to
their function in cellular transformation and expression in tumors
[9,10,18,114].

Many of the oncogenic or tumor-suppressor miRNAs target cell
cycle regulators (Table 1) and this interaction may at least partially
explain the oncogenic function of themiRNA alteration in cancer cells.
Themajor oncogenic or tumor-suppressor miRNAs are good examples
of the relevance of targeting the cell cycle for their tumor-related
functions. The first oncogenic miRNA gene, mir-17-92, downregulates
p21Cip1 and pRB family members [57,58,115–119] and mir-221-222
exerts it oncogenic function through the downregulation of p27Kip1

and p57Kip2, leading to the activation of Cyclin-CDK complexes and
cell cycle progression [61,120–122]. On the other hand, major tumor-
suppressor miRNAs, such as the members of the let-7 or miR-15
families, downregulate a wide spectrum of positive regulators of the
cell cycle. The cancer growth-suppressive activity of let-7 miRNAs has
since been validated in many human tumors, including colon, lung
and breast cancer [123–126]. In addition to members of the RAS
family, these miRNAs target the cell-cycle regulators CDK4, CDK6,
CDC25A, cyclin D1, D2 and D3, cyclin A or CDC34 as demonstrated by
different techniques [37,82,112,113,127,128]. The miR-15 family
members, miR-15 miR-16 and miR-195, are bona-fide tumor
suppressors and are also master regulators of the cell cycle by
targeting critical regulators such as CDC27, CDK6, Cyclin D1, D3 and E1
or E2F3 factors [23,26,27,129–132]. The involvement of other cell-
cycle targeting miRNAs in human cancer is summarized in Table 1.

6. Conclusions and perspectives

It is now obvious that miRNAs are functionally integrated into
many crucial cell-cycle control pathways. Many miRNAs are anti-
proliferative and this function may be mediated by the control of
different mitogenic pathways including the routes that lead to
activation of CDKs. A few miRNAs induce proliferation in many
cases by targeting CDK inhibitors or members of the pRB family
(Fig. 1). This classification is not as simple as some miRNAs, such as
the ones expressed in the mir-17-92 cluster, may target both positive
and negative regulators of the cell cycle (Table 1). In addition, the
control of miRNAs by cell-cycle-dependent transcription factors adds
a new level of complexity. For instance, transcription factors that
positively regulate cell cycle progression, such as c-MYC or E2F family
members, may induce antiproliferative miRNAs to control the extent
of mitogenic signaling and prevent replicative stress (Figs. 2 and 3).

Despite all the knowledge accumulated in the last years, we are
just starting to sense the relevance of miRNAs in cell cycle control and
cell proliferation. Most data summarized in this review comes from
studies with reporter assays, in which the 3′-UTR of one or a few
candidate mRNAs has been placed downstream of the luciferase gene
and this construct is tested after over-expression of wild-type or
mutated forms of the candidate miRNA. Thus, extensive efforts to
develop and improve experimental techniques to show direct target
regulation by miRNAs need to be made. New protocols now exist for
target validation using antisense inhibition of endogenous miRNA
expression using 2-O-Met technology [133], target protectors [134] or
targeted delivery of antisense inhibitor miRNAs [135]. In addition,
most miRNA targets are still unknown due to the lack of reliable
massive techniques suggesting that we aremissing a big portion of the
connections between miRNAs and the cell cycle. Recent papers show
how proteomics technology is a suitable approach to explore the full
impact of miRNAs on protein output and to globally identify their
target genes [136,137]. Finally, it is also important to discuss miRNA–
target interactions in a cellular context, as associations of miRNAs and
their targets determined in one cell type may not predict their
association in another cell type. For instance, miR-15a-16 is down-
regulated in prostate cancer, and shares a reciprocal relation with its
targets BCL2, CCND1 and WNT3A in these tumors [23]. However, the
relevant targets of these miRNAs may be different and cannot be
directly taken from studies in other cells types.

In addition, our understanding of regulation of miRNA biogenesis
or function is very limited. For instance, recent data suggest that cell–
cell contact in quiescent cells globally activates miRNA biogenesis
through enhanced processing of miRNAs by Drosha andmore efficient
formation of RNA-induced silencing complexes [138]. How themiRNA
machinery is regulated in a cell-cycle dependent manner is a relevant
question that remains to be analyzed in detail. Some other results on
the control of the miRNA turnover during the cell cycle or the
possibility of a miRNA-dependent activation of translation have
opened new perspectives in the last few years. miR-29b is degraded
in all cell-cycle phases except mitosis while the levels of miR-29a,
which is expressed from the same cluster, are constant [139]. These
data suggest that the stability of miRNAs may be regulated in a cell-
cycle-dependent manner. In addition, miRNAs might have the
potential to up- or down-regulate translation depending on the cell-
cycle stage of the cells. Some miRNAs such as miR-369-3 or let-7
family members may activate translation in quiescent cells while they
repress translation in cycling/proliferating cells [140].

Given the relevance of cell-cycle control in tissue homeostasis and
proliferative diseases, the modulation of cell cycle entry or progres-
sion by miRNAs, and the possible control of miRNA function in a cell-
cycle dependent manner will be the focus of intense research in the
upcoming years. The possible use of miRNAs in therapy [19,20,39]
further highlights the relevance of understanding the connections
between miRNAs and the cell division cycle.

Acknowledgements

The Cell Division and Cancer group of the CNIO is funded by the
MICINN (SAF2009-07973), Consolider-Ingenio 2010 Programme
(OncoBIO; CSD2007-00017), Comunidad de Madrid (OncoCycle; S-
BIO-0283-2006), Fundación Ramón Areces, Association for Interna-
tional Cancer Research (AICR; 08–0188) and the MitoSys project
(HEALTH-F5-2010-241548; European Union Seventh Framework
Program).

References

[1] M. Malumbres, M. Barbacid, To cycle or not to cycle: a critical decision in cancer,
Nat. Rev. Cancer 1 (2001) 222–231.

[2] C.J. Sherr, J.M. Roberts, CDK inhibitors: positive and negative regulators of G1-
phase progression, Genes Dev. 13 (1999) 1501–1512.

[3] M. Malumbres, M. Barbacid, Mammalian cyclin-dependent kinases, Trends
Biochem. Sci. 30 (2005) 630–641.

[4] M. Malumbres, M. Barbacid, Cell cycle kinases in cancer, Curr. Opin. Genet. Dev.
17 (2007) 60–65.

[5] E. Manchado, M. Eguren, M. Malumbres, The anaphase-promoting complex/
cyclosome (APC/C): cell-cycle-dependent and -independent functions, Biochem.
Soc. Trans. 38 (2010) 65–71.

[6] J.M. Peters, The anaphase promoting complex/cyclosome: amachine designed to
destroy, Nat. Rev. Mol. Cell Biol. 7 (2006) 644–656.

[7] K.I. Nakayama, K. Nakayama, Ubiquitin ligases: cell-cycle control and cancer, Nat.
Rev. Cancer 6 (2006) 369–381.

[8] L. Yamasaki, M. Pagano, Cell cycle, proteolysis and cancer, Curr. Opin. Cell Biol. 16
(2004) 623–628.

[9] A. Esquela-Kerscher, F.J. Slack, Oncomirs—microRNAs with a role in cancer, Nat.
Rev. Cancer 6 (2006) 259–269.

[10] C.M. Croce, Causes and consequences of microRNA dysregulation in cancer, Nat.
Rev. Genet. 10 (2009) 704–714.

[11] V. Ambros, The functions of animal microRNAs, Nature 431 (2004) 350–355.
[12] M.R. Fabian, N. Sonenberg, W. Filipowicz, Regulation of mRNA translation and

stability by microRNAs, Annu. Rev. Biochem. 79 (2010) 351–379.
[13] L. He, G.J. Hannon, MicroRNAs: small RNAswith a big role in gene regulation, Nat.

Rev. Genet. 5 (2004) 522–531.
[14] R.C. Friedman, K.K. Farh, C.B. Burge, D.P. Bartel, Most mammalian mRNAs are

conserved targets of microRNAs, Genome Res. 19 (2009) 92–105.



599M.J. Bueno, M. Malumbres / Biochimica et Biophysica Acta 1812 (2011) 592–601
[15] M. Inui, G. Martello, S. Piccolo, MicroRNA control of signal transduction, Nat. Rev.
Mol. Cell Biol. 11 (2010) 252–263.

[16] M.J. Bueno, I. Perez de Castro, M. Malumbres, Control of cell proliferation
pathways by microRNAs, Cell Cycle 7 (2008) 3143–3148.

[17] K.M. Foshay, G.I. Gallicano, Small RNAs, big potential: the role of MicroRNAs in
stem cell function, Curr. Stem Cell Res. Ther. 2 (2007) 264–271.

[18] B.M. Ryan, A.I. Robles, C.C. Harris, Genetic variation in microRNA networks: the
implications for cancer research, Nat. Rev. Cancer 10 (2010) 389–402.

[19] R. Garzon, G. Marcucci, C.M. Croce, Targeting microRNAs in cancer: rationale,
strategies and challenges, Nat. Rev. Drug Discov. 9 (2010) 775–789.

[20] B.D. Brown, L. Naldini, Exploiting and antagonizing microRNA regulation for
therapeutic and experimental applications, Nat. Rev. Genet. 10 (2009) 578–585.

[21] G.A. Calin, C.D. Dumitru, M. Shimizu, R. Bichi, S. Zupo, E. Noch, H. Aldler, S. Rattan,
M. Keating, K. Rai, L. Rassenti, T. Kipps, M. Negrini, F. Bullrich, C.M. Croce,
Frequent deletions and down-regulation of micro-RNA genes miR15 and miR16
at 13q14 in chronic lymphocytic leukemia, Proc. Natl Acad. Sci. USA 99 (2002)
15524–15529.

[22] A. Bottoni, D. Piccin, F. Tagliati, A. Luchin, M.C. Zatelli, E.C. degli Uberti, miR-15a
and miR-16-1 down-regulation in pituitary adenomas, J. Cell. Physiol. 204
(2005) 280–285.

[23] D. Bonci, V. Coppola, M. Musumeci, A. Addario, R. Giuffrida, L. Memeo, L. D'Urso,
A. Pagliuca, M. Biffoni, C. Labbaye, M. Bartucci, G. Muto, C. Peschle, R. De Maria,
The miR-15a-miR-16-1 cluster controls prostate cancer by targeting multiple
oncogenic activities, Nat. Med. 14 (2008) 1271–1277.

[24] F. Takeshita, L. Patrawala, M. Osaki, R.U. Takahashi, Y. Yamamoto, N. Kosaka, M.
Kawamata, K. Kelnar, A.G. Bader, D. Brown, T. Ochiya, Systemic delivery of
synthetic microRNA-16 inhibits the growth of metastatic prostate tumors via
downregulation of multiple cell-cycle genes, Mol. Ther. 18 (2010) 181–187.

[25] L. Xia, D. Zhang, R. Du, Y. Pan, L. Zhao, S. Sun, L. Hong, J. Liu, D. Fan, miR-15b and
miR-16 modulate multidrug resistance by targeting BCL2 in human gastric
cancer cells, Int. J. Cancer 123 (2008) 372–379.

[26] Q. Liu, H. Fu, F. Sun, H. Zhang, Y. Tie, J. Zhu, R. Xing, Z. Sun, X. Zheng, miR-16
family induces cell cycle arrest by regulating multiple cell cycle genes, Nucleic
Acids Res. 36 (2008) 5391–5404.

[27] P.S. Linsley, J. Schelter, J. Burchard, M. Kibukawa, M.M. Martin, S.R. Bartz, J.M.
Johnson, J.M. Cummins, C.K. Raymond, H. Dai, N. Chau, M. Cleary, A.L. Jackson, M.
Carleton, L. Lim, Transcripts targeted by the microRNA-16 family cooperatively
regulate cell cycle progression, Mol. Cell. Biol. 27 (2007) 2240–2252.

[28] F. Wang, X.D. Fu, Y. Zhou, Y. Zhang, Down-regulation of the cyclin E1 oncogene
expression by microRNA-16-1 induces cell cycle arrest in human cancer cells,
BMB Rep. 42 (2009) 725–730.

[29] J. Pierson, B. Hostager, R. Fan, R. Vibhakar, Regulation of cyclin dependent kinase
6 by microRNA 124 in medulloblastoma, J. Neurooncol. 90 (2008) 1–7.

[30] K. Kozaki, I. Imoto, S. Mogi, K. Omura, J. Inazawa, Exploration of tumor-
suppressive microRNAs silenced by DNA hypermethylation in oral cancer,
Cancer Res. 68 (2008) 2094–2105.

[31] A. Lal, H.H. Kim, K. Abdelmohsen, Y. Kuwano, R. Pullmann Jr., S. Srikantan, R.
Subrahmanyam, J.L. Martindale, X. Yang, F. Ahmed, F. Navarro, D. Dykxhoorn, J.
Lieberman, M. Gorospe, p16(INK4a) translation suppressed by miR-24, PLoS
ONE 3 (2008) e1864.

[32] F. Sun, H. Fu, Q. Liu, Y. Tie, J. Zhu, R. Xing, Z. Sun, X. Zheng, Downregulation of
CCND1 and CDK6 by miR-34a induces cell cycle arrest, FEBS Lett. 582 (2008)
1564–1568.

[33] L. Shi, J. Zhang, T. Pan, J. Zhou, W. Gong, N. Liu, Z. Fu, Y. You, MiR-125b is critical
for the suppression of human U251 glioma stem cell proliferation, Brain Res.
1312 (2010) 120–126.

[34] J. Wu, J. Qian, C. Li, L. Kwok, F. Cheng, P. Liu, C. Perdomo, D. Kotton, C. Vaziri, C.
Anderlind, A. Spira, W.V. Cardoso, J. Lu, miR-129 regulates cell proliferation by
downregulating Cdk6 expression, Cell Cycle 9 (2010) 1809–1818.

[35] T. Xu, Y. Zhu, Y. Xiong, Y.Y. Ge, J.P. Yun, S.M. Zhuang, MicroRNA-195 suppresses
tumorigenicity and regulates G1/S transition of human hepatocellular carcinoma
cells, Hepatology 50 (2009) 113–121.

[36] M. Feng, Q. Yu, miR-449 regulates CDK-Rb-E2F1 through an auto-regulatory
feedback circuit, Cell Cycle 9 (2010) 213–214.

[37] C.D. Johnson, A. Esquela-Kerscher, G. Stefani, M. Byrom, K. Kelnar, D.
Ovcharenko, M. Wilson, X. Wang, J. Shelton, J. Shingara, L. Chin, D. Brown, F.J.
Slack, The let-7 microRNA represses cell proliferation pathways in human cells,
Cancer Res. 67 (2007) 7713–7722.

[38] M. Malumbres, A. Pellicer, RAS pathways to cell cycle control and cell
transformation, Front. Biosci. 3 (1998) d887–d912.

[39] J. Kota, R.R. Chivukula, K.A. O'Donnell, E.A. Wentzel, C.L. Montgomery, H.W.
Hwang, T.C. Chang, P. Vivekanandan, M. Torbenson, K.R. Clark, J.R. Mendell, J.T.
Mendell, Therapeutic microRNA delivery suppresses tumorigenesis in a murine
liver cancer model, Cell 137 (2009) 1005–1017.

[40] J. Schultz, P. Lorenz, G. Gross, S. Ibrahim, M. Kunz, MicroRNA let-7b targets
important cell cycle molecules in malignant melanoma cells and interferes with
anchorage-independent growth, Cell Res. 18 (2008) 549–557.

[41] Z. Yu, C. Wang, M. Wang, Z. Li, M.C. Casimiro, M. Liu, K. Wu, J. Whittle, X. Ju, T.
Hyslop, P. McCue, R.G. Pestell, A cyclin D1/microRNA 17/20 regulatory feedback
loop in control of breast cancer cell proliferation, J. Cell Biol. 182 (2008) 509–517.

[42] X. Qin, X. Wang, Y. Wang, Z. Tang, Q. Cui, J. Xi, Y.S. Li, S. Chien, N. Wang,
MicroRNA-19a mediates the suppressive effect of laminar flow on cyclin D1
expression in human umbilical vein endothelial cells, Proc. Natl Acad. Sci. USA
107 (2010) 3240–3244.

[43] A. Lujambio, S. Ropero, E. Ballestar, M.F. Fraga, C. Cerrato, F. Setien, S. Casado, A.
Suarez-Gauthier, M. Sanchez-Cespedes, A. Git, I. Spiteri, P.P. Das, C. Caldas, E.
Miska, M. Esteller, Genetic unmasking of an epigenetically silenced microRNA in
human cancer cells, Cancer Res. 67 (2007) 1424–1429.

[44] K.A. O'Donnell, E.A. Wentzel, K.I. Zeller, C.V. Dang, J.T. Mendell, c-Myc-regulated
microRNAs modulate E2F1 expression, Nature 435 (2005) 839–843.

[45] M.T. Pickering, B.M. Stadler, T.F. Kowalik, miR-17 and miR-20a temper an E2F1-
induced G1 checkpoint to regulate cell cycle progression, Oncogene 28 (2009)
140–145.

[46] R. Diaz, J. Silva, J.M. Garcia, Y. Lorenzo, V. Garcia, C. Pena, R. Rodriguez, C. Munoz,
F. Garcia, F. Bonilla, G. Dominguez, Deregulated expression of miR-106a predicts
survival in human colon cancer patients, Genes Chromosom. Cancer 47 (2008)
794–802.

[47] R.J. Lin, Y.C. Lin, A.L. Yu, miR-149* induces apoptosis by inhibiting Akt1 and E2F1
in human cancer cells, Mol. Carcinog. 49 (2010) 719–727.

[48] K.H. Lee, Y.L. Chen, S.D. Yeh, M. Hsiao, J.T. Lin, Y.G. Goan, P.J. Lu, MicroRNA-330
acts as tumor suppressor and induces apoptosis of prostate cancer cells through
E2F1-mediated suppression of Akt phosphorylation, Oncogene 28 (2009)
3360–3370.

[49] X. Guo, L. Guo, J. Ji, J. Zhang, X. Chen, Q. Cai, J. Li, Q. Gu, B. Liu, Z. Zhu, Y. Yu, miRNA-
331-3p directly targets E2F1 and induces growth arrest in human gastric cancer,
Biochem. Biophys. Res. Commun. 398 (2010) 1–6.

[50] A. Giannakakis, R. Sandaltzopoulos, J. Greshock, S. Liang, J. Huang, K. Hasegawa,
C. Li, A. O'Brien-Jenkins, D. Katsaros, B.L. Weber, C. Simon, G. Coukos, L. Zhang,
miR-210 links hypoxia with cell cycle regulation and is deleted in human
epithelial ovarian cancer, Cancer Biol. Ther. 7 (2008) 255–264.

[51] L. Huang, J. Luo, Q. Cai, Q. Pan, H. Zeng, Z. Guo, W. Dong, J. Huang, T. Lin,
MicroRNA-125b suppresses the development of bladder cancer by targeting
E2F3, Int. J. Cancer 128 (2011) 1758–1769.

[52] S. Volinia, G.A. Calin, C.G. Liu, S. Ambs, A. Cimmino, F. Petrocca, R. Visone, M. Iorio,
C. Roldo, M. Ferracin, R.L. Prueitt, N. Yanaihara, G. Lanza, A. Scarpa, A. Vecchione,
M. Negrini, C.C. Harris, C.M. Croce, A microRNA expression signature of human
solid tumors defines cancer gene targets, Proc. Natl Acad. Sci. USA 103 (2006)
2257–2261.

[53] R. Benetti, S. Gonzalo, I. Jaco, P. Munoz, S. Gonzalez, S. Schoeftner, E. Murchison,
T. Andl, T. Chen, P. Klatt, E. Li, M. Serrano, S. Millar, G. Hannon, M.A. Blasco, A
mammalian microRNA cluster controls DNA methylation and telomere recom-
bination via Rbl2-dependent regulation of DNA methyltransferases, Nat. Struct.
Mol. Biol. 15 (2008) 268–279.

[54] Q. Wang, Y.C. Li, J. Wang, J. Kong, Y. Qi, R.J. Quigg, X. Li, miR-17-92 cluster
accelerates adipocyte differentiation by negatively regulating tumor-suppressor
Rb2/p130, Proc. Natl Acad. Sci. USA 105 (2008) 2889–2894.

[55] N. Cloonan, M.K. Brown, A.L. Steptoe, S. Wani, W.L. Chan, A.R. Forrest, G. Kolle, B.
Gabrielli, S.M. Grimmond, The miR-17-5p microRNA is a key regulator of the G1/
S phase cell cycle transition, Genome Biol. 9 (2008) R127.

[56] A. Malhas, N.J. Saunders, D.J. Vaux, The nuclear envelope can control gene
expression and cell cycle progression via miRNA regulation, Cell Cycle 9 (2010)
531–539.

[57] I. Ivanovska, A.S. Ball, R.L. Diaz, J.F. Magnus, M. Kibukawa, J.M. Schelter, S.V.
Kobayashi, L. Lim, J. Burchard, A.L. Jackson, P.S. Linsley, M.A. Cleary, MicroRNAs in
the miR-106b family regulate p21/CDKN1A and promote cell cycle progression,
Mol. Cell. Biol. 28 (2008) 2167–2174.

[58] Y.K. Kim, J. Yu, T.S. Han, S.Y. Park, B. Namkoong, D.H. Kim, K. Hur, M.W. Yoo, H.J.
Lee, H.K. Yang, V.N. Kim, Functional links between clustered microRNAs:
suppression of cell-cycle inhibitors by microRNA clusters in gastric cancer,
Nucleic Acids Res. 37 (2009) 1672–1681.

[59] R. Visone, L. Russo, P. Pallante, I. De Martino, A. Ferraro, V. Leone, E. Borbone, F.
Petrocca, H. Alder, C.M. Croce, A. Fusco, MicroRNAs (miR)-221 and miR-222,
both overexpressed in human thyroid papillary carcinomas, regulate p27Kip1
protein levels and cell cycle, Endocr. Relat. Cancer 14 (2007) 791–798.

[60] X. Wang, E. Gocek, C.G. Liu, G.P. Studzinski, MicroRNAs181 regulate the
expression of p27Kip1 in human myeloid leukemia cells induced to differentiate
by 1, 25-dihydroxyvitamin D3, Cell Cycle 8 (2009) 736–741.

[61] T.E. Miller, K. Ghoshal, B. Ramaswamy, S. Roy, J. Datta, C.L. Shapiro, S. Jacob, S.
Majumder, MicroRNA-221/222 confers tamoxifen resistance in breast cancer by
targeting p27Kip1, J. Biol. Chem. 283 (2008) 29897–29903.

[62] A. Lal, F. Navarro, C.A.Maher, L.E.Maliszewski, N. Yan, E. O'Day, D. Chowdhury, D.M.
Dykxhoorn, P. Tsai, O. Hofmann, K.G. Becker, M. Gorospe, W. Hide, J. Lieberman,
miR-24 Inhibits cell proliferation by targeting E2F2,MYC, and other cell-cycle genes
via binding to “seedless” 3′UTR microRNA recognition elements, Mol. Cell 35
(2009) 610–625.

[63] J. Qi, J.Y. Yu, H.R. Shcherbata, J. Mathieu, A.J. Wang, S. Seal, W. Zhou, B.M. Stadler,
D. Bourgin, L. Wang, A. Nelson, C. Ware, C. Raymond, L.P. Lim, J. Magnus, I.
Ivanovska, R. Diaz, A. Ball, M.A. Cleary, H. Ruohola-Baker, microRNAs regulate
human embryonic stem cell division, Cell Cycle 8 (2009) 3729–3741.

[64] H. Butz, I. Liko, S. Czirjak, P. Igaz, M. Munayem Khan, V. Zivkovic, K. Balint, M.
Korbonits, K. Racz, A. Patocs, Down-regulation of Wee1 kinase by a specific
subset of microRNA in human sporadic pituitary adenomas, J. Clin. Endocrinol.
Metab. 95 (2010) E181–E191.

[65] D.M. Glover, I.M. Hagan, A.A. Tavares, Polo-like kinases: a team that plays
throughout mitosis, Genes Dev. 12 (1998) 3777–3787.

[66] W. Shi, N.M. Alajez, C. Bastianutto, A.B. Hui, J.D. Mocanu, E. Ito, P. Busson, K.W. Lo,
R. Ng, J. Waldron, B. O'Sullivan, F.F. Liu, Significance of Plk1 regulation by miR-
100 in human nasopharyngeal cancer, Int. J. Cancer 126 (2010) 2036–2048.

[67] D.P. Bartel, MicroRNAs: genomics, biogenesis, mechanism, and function, Cell 116
(2004) 281–297.

[68] V.R. Iyer, M.B. Eisen, D.T. Ross, G. Schuler, T. Moore, J.C. Lee, J.M. Trent, L.M.
Staudt, J. Hudson Jr., M.S. Boguski, D. Lashkari, D. Shalon, D. Botstein, P.O. Brown,



600 M.J. Bueno, M. Malumbres / Biochimica et Biophysica Acta 1812 (2011) 592–601
The transcriptional program in the response of human fibroblasts to serum,
Science 283 (1999) 83–87.

[69] M.J. Bueno, M. Gomez de Cedron, U. Laresgoiti, J. Fernandez-Piqueras, A.M.
Zubiaga, M. Malumbres, Multiple E2F-induced microRNAs prevent replicative
stress in response to mitogenic signaling, Mol. Cell. Biol. 30 (2010) 2983–2995.

[70] J. Gu, V.R. Iyer, PI3K signaling and miRNA expression during the response of
quiescent human fibroblasts to distinct proliferative stimuli, Genome Biol. 7
(2006) R42.

[71] N. Meyer, L.Z. Penn, Reflecting on 25 years with MYC, Nat. Rev. Cancer 8 (2008)
976–990.

[72] M. Eilers, R.N. Eisenman, Myc's broad reach, Genes Dev. 22 (2008) 2755–2766.
[73] M.D. Cole, V.H. Cowling, Transcription-independent functions ofMYC: regulation

of translation and DNA replication, Nat. Rev. Mol. Cell Biol. 9 (2008) 810–815.
[74] S. Pelengaris, M. Khan, The many faces of c-MYC, Arch. Biochem. Biophys. 416

(2003) 129–136.
[75] S. Herold, B. Herkert, M. Eilers, Facilitating replication under stress: an oncogenic

function of MYC? Nat. Rev. Cancer 9 (2009) 441–444.
[76] N.S. Kenneth, R.J. White, Regulation by c-Myc of ncRNA expression, Curr. Opin.

Genet. Dev. 19 (2009) 38–43.
[77] T.V. Bui, J.T. Mendell, Myc: maestro of microRNAs, Genes Cancer 1 (2010)

568–575.
[78] L. He, J.M. Thomson, M.T. Hemann, E. Hernando-Monge, D. Mu, S. Goodson, S.

Powers, C. Cordon-Cardo, S.W. Lowe, G.J. Hannon, S.M. Hammond, A microRNA
polycistron as a potential human oncogene, Nature 435 (2005) 828–833.

[79] M. Dews, A. Homayouni, D. Yu, D. Murphy, C. Sevignani, E. Wentzel, E.E. Furth,W.
M. Lee, G.H. Enders, J.T. Mendell, A. Thomas-Tikhonenko, Augmentation of tumor
angiogenesis by a Myc-activated microRNA cluster, Nat. Genet. 38 (2006)
1060–1065.

[80] J.H. Schulte, S. Horn, T. Otto, B. Samans, L.C. Heukamp, U.C. Eilers, M. Krause, K.
Astrahantseff, L. Klein-Hitpass, R. Buettner, A. Schramm, H. Christiansen, M.
Eilers, A. Eggert, B. Berwanger, MYCN regulates oncogenic MicroRNAs in
neuroblastoma, Int. J. Cancer 122 (2008) 699–704.

[81] L. Ma, J. Young, H. Prabhala, E. Pan, P. Mestdagh, D. Muth, J. Teruya-Feldstein, F.
Reinhardt, T.T. Onder, S. Valastyan, F. Westermann, F. Speleman, J. Vandesom-
pele, R.A. Weinberg, miR-9, a MYC/MYCN-activated microRNA, regulates E-
cadherin and cancer metastasis, Nat. Cell Biol. 12 (2010) 247–256.

[82] M.S. Kumar, J. Lu, K.L. Mercer, T.R. Golub, T. Jacks, Impaired microRNA processing
enhances cellular transformation and tumorigenesis, Nat. Genet. 39 (2007)
673–677.

[83] T.C. Chang, D. Yu, Y.S. Lee, E.A. Wentzel, D.E. Arking, K.M. West, C.V. Dang, A.
Thomas-Tikhonenko, J.T. Mendell, Widespread microRNA repression by Myc
contributes to tumorigenesis, Nat. Genet. 40 (2008) 43–50.

[84] A. Cimmino, G.A. Calin, M. Fabbri, M.V. Iorio, M. Ferracin, M. Shimizu, S.E. Wojcik,
R.I. Aqeilan, S. Zupo, M. Dono, L. Rassenti, H. Alder, S. Volinia, C.G. Liu, T.J. Kipps,
M. Negrini, C.M. Croce, miR-15 and miR-16 induce apoptosis by targeting BCL2,
Proc. Natl Acad. Sci. USA 102 (2005) 13944–13949.

[85] T.C. Chang, L.R. Zeitels, H.W. Hwang, R.R. Chivukula, E.A. Wentzel, M. Dews, J.
Jung, P. Gao, C.V. Dang, M.A. Beer, A. Thomas-Tikhonenko, J.T. Mendell, Lin-28B
transactivation is necessary for Myc-mediated let-7 repression and proliferation,
Proc. Natl Acad. Sci. USA 106 (2009) 3384–3389.

[86] S. Dangi-Garimella, J. Yun, E.M. Eves, M. Newman, S.J. Erkeland, S.M. Hammond,
A.J. Minn, M.R. Rosner, Raf kinase inhibitory protein suppresses a metastasis
signalling cascade involving LIN28 and let-7, EMBO J. 28 (2009) 347–358.

[87] J. DeGregori, The genetics of the E2F family of transcription factors: shared
functions and unique roles, Biochim. Biophys. Acta 1602 (2002) 131–150.

[88] J.M. Trimarchi, J.A. Lees, Sibling rivalry in the E2F family, Nat. Rev. Mol. Cell Biol. 3
(2002) 11–20.

[89] P.J. Iaquinta, J.A. Lees, Life and death decisions by the E2F transcription factors,
Curr. Opin. Cell Biol. 19 (2007) 649–657.

[90] H.Z. Chen, S.Y. Tsai, G. Leone, Emerging roles of E2Fs in cancer: an exit from cell
cycle control, Nat. Rev. Cancer 9 (2009) 785–797.

[91] Y. Sylvestre, V. De Guire, E. Querido, U.K. Mukhopadhyay, V. Bourdeau, F. Major,
G. Ferbeyre, P. Chartrand, An E2F/miR-20a autoregulatory feedback loop, J. Biol.
Chem. 282 (2007) 2135–2143.

[92] K. Woods, J.M. Thomson, S.M. Hammond, Direct regulation of an oncogenic micro-
RNA cluster by E2F transcription factors, J. Biol. Chem. 282 (2007) 2130–2134.

[93] F. Petrocca, R. Visone, M.R. Onelli, M.H. Shah, M.S. Nicoloso, I. de Martino, D.
Iliopoulos, E. Pilozzi, C.G. Liu, M. Negrini, L. Cavazzini, S. Volinia, H. Alder, L.P.
Ruco, G. Baldassarre, C.M. Croce, A. Vecchione, E2F1-regulatedmicroRNAs impair
TGFbeta-dependent cell-cycle arrest and apoptosis in gastric cancer, Cancer Cell
13 (2008) 272–286.

[94] Y. Li, W. Tan, T.W. Neo, M.O. Aung, S. Wasser, S.G. Lim, T.M. Tan, Role of the miR-
106b-25 microRNA cluster in hepatocellular carcinoma, Cancer Sci. 100 (2009)
1234–1242.

[95] X. Yang, M. Feng, X. Jiang, Z. Wu, Z. Li, M. Aau, Q. Yu, miR-449a and miR-449b are
direct transcriptional targets of E2F1 and negatively regulate pRb-E2F1 activity
through a feedback loop by targeting CDK6 and CDC25A, Genes Dev. 23 (2009)
2388–2393.

[96] K.H. Vousden, D.P. Lane, p53 in health and disease, Nat. Rev. Mol. Cell Biol.
8 (2007) 275–283.

[97] K. Kumamoto, E.A. Spillare, K. Fujita, I. Horikawa, T. Yamashita, E. Appella, M.
Nagashima, S. Takenoshita, J. Yokota, C.C. Harris, Nutlin-3a activates p53 to both
down-regulate inhibitor of growth 2 and up-regulate mir-34a, mir-34b, andmir-
34c expression, and induce senescence, Cancer Res. 68 (2008) 3193–3203.

[98] L. He, X. He, L.P. Lim, E. de Stanchina, Z. Xuan, Y. Liang, W. Xue, L. Zender, J.
Magnus, D. Ridzon, A.L. Jackson, P.S. Linsley, C. Chen, S.W. Lowe, M.A. Cleary, G.J.
Hannon, AmicroRNA component of the p53 tumour suppressor network, Nature
447 (2007) 1130–1134.

[99] L. He, X. He, S.W. Lowe, G.J. Hannon, microRNAs join the p53 network—another
piece in the tumour-suppression puzzle, Nat. Rev. Cancer 7 (2007) 819–822.

[100] D.C. Corney, A. Flesken-Nikitin, A.K. Godwin, W.Wang, A.Y. Nikitin, MicroRNA-34b
and MicroRNA-34c are targets of p53 and cooperate in control of cell proliferation
and adhesion-independent growth, Cancer Res. 67 (2007) 8433–8438.

[101] T.C. Chang, E.A.Wentzel, O.A. Kent, K. Ramachandran, M.Mullendore, K.H. Lee, G.
Feldmann, M. Yamakuchi, M. Ferlito, C.J. Lowenstein, D.E. Arking, M.A. Beer, A.
Maitra, J.T. Mendell, Transactivation of miR-34a by p53 broadly influences gene
expression and promotes apoptosis, Mol. Cell 26 (2007) 745–752.

[102] N. Raver-Shapira, E. Marciano, E. Meiri, Y. Spector, N. Rosenfeld, N. Moskovits, Z.
Bentwich, M. Oren, Transcriptional activation of miR-34a contributes to p53-
mediated apoptosis, Mol. Cell 26 (2007) 731–743.

[103] V. Tarasov, P. Jung, B. Verdoodt, D. Lodygin, A. Epanchintsev, A. Menssen, G.
Meister, H. Hermeking, Differential regulation of microRNAs by p53 revealed by
massively parallel sequencing: miR-34a is a p53 target that induces apoptosis
and G1-arrest, Cell Cycle 6 (2007) 1586–1593.

[104] H. Tazawa, N. Tsuchiya, M. Izumiya, H. Nakagama, Tumor-suppressive miR-34a
induces senescence-like growth arrest through modulation of the E2F pathway
in human colon cancer cells, Proc. Natl Acad. Sci. USA 104 (2007) 15472–15477.

[105] C.J. Braun, X. Zhang, I. Savelyeva, S.Wolff, U.M.Moll, T. Schepeler, T.F. Orntoft, C.L.
Andersen, M. Dobbelstein, p53-Responsive micrornas 192 and 215 are capable of
inducing cell cycle arrest, Cancer Res. 68 (2008) 10094–10104.

[106] M. Sachdeva, S. Zhu, F. Wu, H. Wu, V. Walia, S. Kumar, R. Elble, K. Watabe, Y.Y.
Mo, p53 represses c-Myc through induction of the tumor suppressor miR-145,
Proc. Natl Acad. Sci. USA 106 (2009) 3207–3212.

[107] R. Brosh, R. Shalgi, A. Liran, G. Landan, K. Korotayev, G.H. Nguyen, E. Enerly, H.
Johnsen, Y. Buganim, H. Solomon, I. Goldstein, S. Madar, N. Goldfinger, A.L.
Borresen-Dale, D. Ginsberg, C.C. Harris, Y. Pilpel, M. Oren, V. Rotter, p53-
Repressed miRNAs are involved with E2F in a feed-forward loop promoting
proliferation, Mol. Syst. Biol. 4 (2008) 229.

[108] T.D. Halazonetis, V.G. Gorgoulis, J. Bartek, An oncogene-induced DNA damage
model for cancer development, Science 319 (2008) 1352–1355.

[109] M.V. Iorio, M. Ferracin, C.G. Liu, A. Veronese, R. Spizzo, S. Sabbioni, E. Magri, M.
Pedriali, M. Fabbri, M. Campiglio, S. Menard, J.P. Palazzo, A. Rosenberg, P.
Musiani, S. Volinia, I. Nenci, G.A. Calin, P. Querzoli, M. Negrini, C.M. Croce,
MicroRNA gene expression deregulation in human breast cancer, Cancer Res. 65
(2005) 7065–7070.

[110] G.A. Calin, C. Sevignani, C.D. Dumitru, T. Hyslop, E. Noch, S. Yendamuri, M.
Shimizu, S. Rattan, F. Bullrich, M. Negrini, C.M. Croce, Human microRNA genes
are frequently located at fragile sites and genomic regions involved in cancers,
Proc. Natl Acad. Sci. USA 101 (2004) 2999–3004.

[111] W. Tam, J.E. Dahlberg, miR-155/BIC as an oncogenic microRNA, Genes
Chromosom. Cancer 45 (2006) 211–212.

[112] S.M. Johnson, H. Grosshans, J. Shingara, M. Byrom, R. Jarvis, A. Cheng, E.
Labourier, K.L. Reinert, D. Brown, F.J. Slack, RAS is regulated by the let-7
microRNA family, Cell 120 (2005) 635–647.

[113] C. Mayr, M.T. Hemann, D.P. Bartel, Disrupting the pairing between let-7 and
Hmga2 enhances oncogenic transformation, Science 315 (2007) 1576–1579.

[114] G.A. Calin, C.M. Croce, MicroRNA signatures in human cancers, Nat. Rev. Cancer 6
(2006) 857–866.

[115] L. Venturini, K. Battmer, M. Castoldi, B. Schultheis, A. Hochhaus, M.U.
Muckenthaler, A. Ganser, M. Eder, M. Scherr, Expression of the miR-17-92
polycistron in chronic myeloid leukemia (CML) CD34+ cells, Blood 109 (2007)
4399–4405.

[116] M. Inomata, H. Tagawa, Y.M. Guo, Y. Kameoka, N. Takahashi, K. Sawada,
MicroRNA-17-92 down-regulates expression of distinct targets in different B-
cell lymphoma subtypes, Blood 113 (2009) 396–402.

[117] F. Petrocca, A. Vecchione, C.M. Croce, Emerging role of miR-106b-25/miR-17-92
clusters in the control of transforming growth factor beta signaling, Cancer Res.
68 (2008) 8191–8194.

[118] S. Wu, S. Huang, J. Ding, Y. Zhao, L. Liang, T. Liu, R. Zhan, X. He, Multiple
microRNAs modulate p21Cip1/Waf1 expression by directly targeting its 3′
untranslated region, Oncogene 29 (2010) 2302–2308.

[119] P. Wong, M. Iwasaki, T.C. Somervaille, F. Ficara, C. Carico, C. Arnold, C.Z. Chen, M.L.
Cleary, The miR-17-92 microRNA polycistron regulates MLL leukemia stem cell
potential by modulating p21 expression, Cancer Res. 70 (2010) 3833–3842.

[120] R. Medina, S.K. Zaidi, C.G. Liu, J.L. Stein, A.J. van Wijnen, C.M. Croce, G.S. Stein,
MicroRNAs 221 and 222 bypass quiescence and compromise cell survival, Cancer
Res. 68 (2008) 2773–2780.

[121] S. Galardi, N. Mercatelli, E. Giorda, S. Massalini, G.V. Frajese, S.A. Ciafre, M.G.
Farace, miR-221 and miR-222 expression affects the proliferation potential of
human prostate carcinoma cell lines by targeting p27Kip1, J. Biol. Chem. 282
(2007) 23716–23724.

[122] F. Fornari, L. Gramantieri, M. Ferracin, A. Veronese, S. Sabbioni, G.A. Calin, G.L.
Grazi, C. Giovannini, C.M. Croce, L. Bolondi, M. Negrini, MiR-221 controls
CDKN1C/p57 and CDKN1B/p27 expression in human hepatocellular carcinoma,
Oncogene 27 (2008) 5651–5661.

[123] Y. Akao, Y. Nakagawa, T. Naoe, let-7 microRNA functions as a potential growth
suppressor in human colon cancer cells, Biol. Pharm. Bull. 29 (2006) 903–906.

[124] W.J. Fang, C.Z. Lin, H.H. Zhang, J. Qian, L. Zhong, N. Xu, Detection of let-7a
microRNA by real-time PCR in colorectal cancer: a single-centre experience from
China, J. Int. Med. Res. 35 (2007) 716–723.

[125] J. Takamizawa, H. Konishi, K. Yanagisawa, S. Tomida, H. Osada, H. Endoh, T.
Harano, Y. Yatabe, M. Nagino, Y. Nimura, T. Mitsudomi, T. Takahashi, Reduced



601M.J. Bueno, M. Malumbres / Biochimica et Biophysica Acta 1812 (2011) 592–601
expression of the let-7 microRNAs in human lung cancers in association with
shortened postoperative survival, Cancer Res. 64 (2004) 3753–3756.

[126] F. Yu, H. Yao, P. Zhu, X. Zhang, Q. Pan, C. Gong, Y. Huang, X. Hu, F. Su, J. Lieberman,
E. Song, let-7 regulates self renewal and tumorigenicity of breast cancer cells,
Cell 131 (2007) 1109–1123.

[127] A. Legesse-Miller, O. Elemento, S.J. Pfau, J.J. Forman, S. Tavazoie, H.A. Coller, let-7
Overexpression leads to an increased fraction of cells in G2/M, direct down-
regulation of Cdc34, and stabilization of Wee1 kinase in primary fibroblasts, J.
Biol. Chem. 284 (2009) 6605–6609.

[128] S.M. Park, S. Shell, A.R. Radjabi, R. Schickel, C. Feig, B. Boyerinas, D.M. Dinulescu,
E. Lengyel, M.E. Peter, Let-7 prevents early cancer progression by suppressing
expression of the embryonic gene HMGA2, Cell Cycle 6 (2007) 2585–2590.

[129] J.R. Finnerty, W.X. Wang, S.S. Hebert, B.R. Wilfred, G. Mao, P.T. Nelson, The miR-
15/107 group of microRNA genes: evolutionary biology, cellular functions, and
roles in human diseases, J. Mol. Biol. 402 (2010) 491–509.

[130] A. Deshpande, A. Pastore, A.J. Deshpande, Y. Zimmermann, G. Hutter, M.
Weinkauf, C. Buske, W. Hiddemann, M. Dreyling, 3′UTR mediated regulation of
the cyclin D1 proto-oncogene, Cell Cycle 8 (2009) 3584–3592.

[131] R.I. Aqeilan, G.A. Calin, C.M. Croce, miR-15a and miR-16-1 in cancer: discovery,
function and future perspectives, Cell Death Differ. 17 (2010) 215–220.

[132] N. Bandi, S. Zbinden, M. Gugger, M. Arnold, V. Kocher, L. Hasan, A. Kappeler, T.
Brunner, E. Vassella, miR-15a and miR-16 are implicated in cell cycle regulation
in a Rb-dependent manner and are frequently deleted or down-regulated in
non-small cell lung cancer, Cancer Res. 69 (2009) 5553–5559.

[133] M. Garofalo, G. Di Leva, G. Romano, G. Nuovo, S.S. Suh, A. Ngankeu, C. Taccioli, F.
Pichiorri, H. Alder, P. Secchiero, P. Gasparini, A. Gonelli, S. Costinean, M. Acunzo,
G. Condorelli, C.M. Croce, miR-221&222 regulate TRAIL resistance and enhance
tumorigenicity through PTEN and TIMP3 downregulation, Cancer Cell 16 (2009)
498–509.

[134] A.A. Staton, H. Knaut, A.J. Giraldez, miRNA regulation of Sdf1 chemokine signaling
provides genetic robustness to germcellmigration, Nat. Genet. 43 (2011) 204–211.

[135] X.Q. Liu, W.J. Song, T.M. Sun, P.Z. Zhang, J. Wang, Targeted delivery of antisense
inhibitor of miRNA for antiangiogenesis therapy using cRGD-functionalized
nanoparticles, Mol. Pharm. 8 (2011) 250–259.

[136] P. Mestdagh, A.K. Bostrom, F. Impens, E. Fredlund, G. Van Peer, P. De Antonellis, K.
von Stedingk, B. Ghesquiere, S. Schulte, M. Dews, A. Thomas-Tikhonenko, J.H.
Schulte, M. Zollo, A. Schramm, K. Gevaert, H. Axelson, F. Speleman, J.
Vandesompele, The miR-17-92 microRNA cluster regulates multiple compo-
nents of the TGF-beta pathway in neuroblastoma, Mol. Cell 40 (2010) 762–773.

[137] M. Jovanovic, L. Reiter, P. Picotti, V. Lange, E. Bogan, B.A. Hurschler, C. Blenkiron,
N.J. Lehrbach, X.C. Ding, M. Weiss, S.P. Schrimpf, E.A. Miska, H. Grosshans, R.
Aebersold, M.O. Hengartner, A quantitative targeted proteomics approach to
validate predicted microRNA targets in C. elegans, Nat. Meth. 7 (2010) 837–842.

[138] H.W. Hwang, E.A. Wentzel, J.T. Mendell, Cell–cell contact globally activates
microRNA biogenesis, Proc. Natl Acad. Sci. USA 106 (2009) 7016–7021.

[139] H.W. Hwang, E.A. Wentzel, J.T. Mendell, A hexanucleotide element directs
microRNA nuclear import, Science 315 (2007) 97–100.

[140] S. Vasudevan, Y. Tong, J.A. Steitz, Switching from repression to activation:
microRNAs can up-regulate translation, Science 318 (2007) 1931–1934.

[141] V.B. Sampson, N.H. Rong, J. Han, Q. Yang, V. Aris, P. Soteropoulos, N.J. Petrelli, S.P.
Dunn, L.J. Krueger, MicroRNA let-7a down-regulates MYC and reverts MYC-
induced growth in Burkitt lymphoma cells, Cancer Res. 67 (2007) 9762–9770.

[142] M. Furuta, K.I. Kozaki, S. Tanaka, S. Arii, I. Imoto, J. Inazawa,miR-124 andmiR-203
are epigenetically silenced tumor-suppressive microRNAs in hepatocellular
carcinoma, Carcinogenesis 31 (2010) 766–776.

[143] M. Sachdeva, Y.Y. Mo, p53 and c-myc: how does the cell balance “yin” and
“yang”? Cell Cycle 8 (2009) 1303.

[144] F. Felicetti, M.C. Errico, L. Bottero, P. Segnalini, A. Stoppacciaro, M. Biffoni, N. Felli,
G. Mattia, M. Petrini, M.P. Colombo, C. Peschle, A. Care, The promyelocytic
leukemia zinc finger-microRNA-221/-222 pathway controls melanoma progres-
sion throughmultiple oncogenicmechanisms, Cancer Res. 68 (2008) 2745–2754.

[145] C. le Sage, R. Nagel, D.A. Egan, M. Schrier, E. Mesman, A. Mangiola, C. Anile, G.
Maira, N. Mercatelli, S.A. Ciafre, M.G. Farace, R. Agami, Regulation of the p27
(Kip1) tumor suppressor by miR-221 and miR-222 promotes cancer cell
proliferation, EMBO J. 26 (2007) 3699–3708.

[146] S. Sarkar, B.K. Dey, A. Dutta, MiR-322/424 and -503 are induced during muscle
differentiation and promote cell cycle quiescence and differentiation by down-
regulation of Cdc25A, Mol. Biol. Cell 21 (2010) 2138–2149.

[147] W. Hu, C.S. Chan, R. Wu, C. Zhang, Y. Sun, J.S. Song, L.H. Tang, A.J. Levine, Z. Feng,
Negative regulation of tumor suppressor p53 bymicroRNAmiR-504, Mol. Cell 38
(2010) 689–699.

[148] S. Tian, S. Huang, S. Wu, W. Guo, J. Li, X. He, MicroRNA-1285 inhibits the
expression of p53 by directly targeting its 3′ untranslated region, Biochem.
Biophys. Res. Commun. 396 (2010) 435–439.

[149] S. Majid, A.A. Dar, S. Saini, Y. Chen, V. Shahryari, J. Liu, M.S. Zaman, H. Hirata, S.
Yamamura, K. Ueno, Y. Tanaka, R. Dahiya, Regulation of minichromosome
maintenance gene family by microRNA-1296 and genistein in prostate cancer,
Cancer Res. 70 (2010) 2809–2818.

[150] P. Gao, I. Tchernyshyov, T.C. Chang, Y.S. Lee, K. Kita, T. Ochi, K.I. Zeller, A.M. De
Marzo, J.E. Van Eyk, J.T. Mendell, C.V. Dang, c-Myc suppression of miR-23a/b
enhances mitochondrial glutaminase expression and glutamine metabolism,
Nature 458 (2009) 762–765.


	MicroRNAs and the cell cycle
	Introduction
	Control of the cell cycle by miRNAs
	Control of the G1/S transition by miRNAs
	Entry and progression through mitosis

	Cell cycle-dependent regulation of miRNAs
	Transcriptional regulation of miRNAs by MYC
	E2F-dependent transcription of miRNAs
	Stress-mediated induction of miRNAs

	A complex network of interactions between miRNAs and �transcriptional factors
	Relevance in human disease/cancer
	Conclusions and perspectives
	Acknowledgements
	References


