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The microRNAs 449a, b and c (miR-449) are potent inducers
of cell death, cell cycle arrest, and/or cell differentiation. They
belong to the same family as the p53-responsive microRNAs
miR-34. Instead of p53, however, the cell cycle regulatory
transcription factor E2F1 induces miR-449. All members of this
microRNA family are capable of mediating cell cycle arrest and
apoptosis and might thereby contribute to tumor suppression.
Underlying mechanisms include the downregulation of
histone acetyl transferases and consecutive activation of p53,
but also the targeting of cyclin dependent kinases and their
association partners. Thus, miR-34 and miR-449 provide an
asymmetric feedback loop to balance E2F and p53 activities.
More recently, it was discovered that miR-449 displays strong
tissue specificity, with high levels in lung and testes. Two
model systems (Xenopus embryos and cultured human cells)
revealed that miR-449 is essential for the development of
ciliated epithelia, and this appears to depend on miR-449mediated modulation of the Notch signaling pathway. Here we
summarize our current knowledge on cell fate determination
by miR-449, and we propose future directions to explore
the function of miR-449 in cell regulation and organismal
development. MiR-449 helps to ensure proper cell function
but also to avoid cancer, marking a close link between cell
differentiation and tumor suppression.

critical region 8) then recognize and cleave the stem-loop portion of the pri-miRNA to produce the pre-miRNA which is then
transported to the cytoplasm for further processing through the
ribonuclease Dicer. Mature microRNAs are around 20 bases
long and can target mRNAs for degradation (perfect complementarity) or translational repression (imperfect match).10-13
Unfortunately, the ability of miRNAs to regulate translation
impedes the accurate prediction of targets by mRNA quantitation alone. Computational predictions of targets are available but
do not always reflect the in vivo situation. microRNAs have been
shown to be essential for cell fate determination, e.g., in the differentiation of the hemapoietic lineages.14 An important question
of cell biology is how specific microRNAs affect cell fate, e.g.,
differentiation and apoptosis.
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MicroRNAs
MicroRNAs (miRNAs) are small, non-coding RNAs representing a novel class of regulators for gene expression. Many miRNAs
are encoded within regular protein-coding genes.1-5 Some microRNAs are ubiquitously distributed, others are expressed only in
specific tissues.6,7 They act as regulators of mRNA stability and/
or protein synthesis through specific hybridization of their “seed
sequences” (region from base 2 to base 8 of a mature microRNA)
with mRNA target sequences, allowing each microRNA species to regulate a characteristic set of transcripts.8-10 The synthesis of their precursors resembles that of mRNAs, starting with
the polymerization of a microRNA precursor called pri-miRNA
through the RNA polymerase II. The specific nucleases Drosha
and Pasha (“Partner of Drosha” or DGCR8, DiGeorge syndrome
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with the discovery of miR-34a as a p53-responsive gene capable
of inducing apoptosis and cell cycle arrest in tumor cell lines.15-18
MiR-34a is encoded separately; its homologs miR-34b and c share
a common primary transcript. MiR-34 a, b and c are abbreviated
as miR-34 from here on. MiR-34 targets the histone deacetylase SIRT1,19-21 leading to the accumulation of acetylated and
therefore highly active p53. Additionally, miR-34 downregulates
several cyclin-dependent kinases (CDK), cyclins and E2Fs,22,23
leading to the inhibition of the E2F pathway, and to cell cycle
arrest (Table 1).
Later on, the miR-449 cluster, encoding the highly conserved
miR-449a and miR-449b (and the much later described miR449c), was found to contain similar sequences and secondary
structures as the miR-34 family, and they were therefore classified
as one family of microRNAs. These microRNAs will be named
miR-449 from here on. In particular, they share the same seed
sequence, suggesting similar mRNA targets.8,24-27 In line with the
tumor-suppressive role of miR-34,18,28 miR-449 was shown to be
downregulated in cancers of prostate and stomach in comparison
to the corresponding normal tissue.29,30 The expression of miR449 was first described in embryonic mouse brains.31
In the human genome, the miR-449 cluster is located on chromosome 5 in a highly conserved region within the second intron
of the CDC20B gene, a homolog of CDC20. CDC20 is an activator of the anaphase promoting complex (APC) during mitosis32 but it is currently unclear whether the same is true for the
miR-449 host CDC20B. The CDC20B gene is largely conserved
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Table 1. Previously described target mRNAs of the miR-34/449 family and their effect on cell fate
Targets

Reported miRNA regulators

Affected signaling
pathways

Cell fate when
downregulated

BCL-2 (B-cell CLL/Lymphoma 2)

miR-34134

Intrinsic apoptosis135

Apoptosis135

CCND1 (Cyclin D1)

miR-34

CCNE2 (Cyclin E2)

miR-44930 and miR-34137-139

22

CDC25A (Cell division cycle 25A)
CDK4 (Cyclin-dependent kinase 4)
CDK6 (Cyclin-dependent kinase 6)

miR-449 target and miR-34
35

139

miR-34139
miR-34 and miR-449

22,35,139

136

Rb/E2F

Cell cycle arrest136

Rb/E2F136

Cell cycle arrest136

136

Rb/E2F

Cell cycle arrest136

Rb/E2F136

Cell cycle arrest136

Rb/E2F

Cell cycle arrest136

136

c-Myc

miR-34140

E2F and p53141

Cell cycle arrest,
senescence140

DLL1 (Delta-like 1)

miR-34 and miR-449 predicted,93 miR-449 confirmed38

Notch142

Differentiation142

E2F3 (E2F transcription factor 3)

miR-34139,143

E2F144

Cell cycle arrest144

E2F5 (E2F transcription factor 5)

miR-449 and miR-34
55

143

E2F

Differentiation55

144

GMNN (Geminin)

miR-44930

Cell cycle,145 replication146

Apoptosis,147
differentiation148

HDAC1 (Histone deacetylase 1)

miR-44995

p53, chromatin structure
and general transcription149

Differentiation,
apoptosis97,149

HDMX (Mouse double minute 4 homolog; MDM4)

miR-34150

p53, Ras151

Senescence151

HMGA2 (High mobility group AT-Hook 2)

miR-34

134

Chromatin structure

Differentiation74

Notch, STAT and Ras/MAPK;
invasion152

Apoptosis, cell cycle
arrest152

74

MET (Met protooncogene; hepatocyte growth
factor receptor; HGFR)

miR-3428,138 and miR-44930

N-Myc (V-MYC avian myelocytomatosis viralrelated oncogene, neuroblastoma-derived; MYCN)

miR-449153

E2F and p53141

Differentiation,
apoptosis141

Notch1 (Drosophila notch homolog 1)

miR-3428,134 and miR-44938

Notch142

Differentiation142

SIRT1 (Sirtuin 1)

miR-3419 and miR-44937

p53, chromatin structure
and general transcription154

Apoptosis,154 senescence155
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in vertebrates, which may reflect its importance. Interestingly,
CDC20B was detected in lung tissue and airway epithelia, suggesting a role for miR-449 and/or its host CDC20B in such tissues. For instance, CDC20B was found upregulated after virus
infection in the trachea of chicken33 and, most notably, its expression is induced more than 180-fold during human mucociliary
differentiation.34
We recently reported, in parallel to other groups, that miR449 expression is under the control of the S-phase promoting
transcription factor E2F1,35,36 and that miR-449 is able to induce
apoptosis in tumor cell lines regardless of their p53 status,36 a
tumor suppressor often deregulated in cancer. We additionally
found miR-449 to be expressed at high levels and specifically in
testicular and pulmonary tissues. Its expression levels correlated
with the differentiation of bronchial epithelia. Moreover, the treatment of aeroepithelial cells with DNA-damaging tobacco smoke
led to a further induction of miR-449.37 This suggests that miR449 is a tumor suppressive microRNA playing a role in the proper
differentiation of airway epithelium, and in the first line defense
of the respiratory tract against toxic agents. A recent publication
by Marcet et al. provided evidence that miR-449 is required for
the differentiation of ciliated cells in human airway epithelia, and
in epidermal cells of Xenopus laevis. This report further suggested
that miR-449 controls ciliary differentiation through the regulation of the notch pathway. Additionally, they found the miR-449
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host gene product, CDC20B, to be localized in multiciliated
cells, near the basal bodies where the cilia arise from. The fact
that miR-449 and its host gene CDC20B are coregulated argues
in favor of a function of CDC20B in the same tissues. However,
the function of this gene product in differentiation, as well as its
potential tumor suppressive role, remains to be determined.
In this review, we will now discuss the role of the miR-34/449
family of microRNAs in cell fate determination, especially in ciliary differentiation, cell cycle and apoptosis.
MiR-449—A Prerequisite for the Differentiation
of Ciliated Cell Progenitors
Due to their “open” nature and their proximity to the environment, airways are exposed to many risks. The air we breathe
transports viruses, bacteria, small particles, smoke, solvents, toxins etc. These are potential threats to the respiratory tract and
the integrity of the cells it is made of, especially to its surface,
the bronchial epithelium. To allow proper respiration and host
defense, epithelial cells within the respiratory system must differentiate in a highly ordered fashion.39-41 Particularly, the airway
epithelium covering the trachea and bronchia must ensure proper
air flow, prevent the loss of fluid, and contribute to mucociliary
clearance and host defense by avoiding the accumulation of toxic
substances from the environment. Thus, it acts as a protective
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Figure 1. Airway epithelium. The bronchial epithelium is a pseudostratified epithelium consisting of Goblet, basal, Clara and ciliated cells (inspired by
the review by Maeda et al. 2007). MiR-449, CDC20B and FoxJ1 are expressed specifically in the ciliated cells.

barrier. This epithelium forms a pseudo-stratified layer consisting
of basal cells; Goblet cells for mucus secretion; Clara cells with
helper functions in secretion, detoxification and cell renewal; and
ciliated cells (Fig. 1). The latters are responsible for the mucociliary transport, the most important mechanism of defense in
this tissue. Defects in mucociliary clearance are associated with
severe respiratory disorders like cystic fibrosis or chronic obstructive pulmonary diseases (COPD).42
The process of mucociliary differentiation starts during the
pseudo-glandular phases of lung development (around E12 in
the mouse) and continues until lung maturity (P5-P20 in the
mouse).43 The differentiation of the airway epithelia occurring shortly before and after birth is essential for survival and is
accompanied by spectacular changes in cell function. However,
the posttranscriptional mechanisms regulating the proper progression through this process are only partially understood at this
stage. The differentiation of bronchial epithelia can be recapitulated in vitro. Human primary bronchial epithelial cells (aero-epithelial cells or AECs) can be maintained in a monolayer culture.
The subsequent lift of AECs from a liquid environment to the
air-liquid interface (ALI) initiates a 21 d long mucociliary differentiation program, reflecting the physiological processes occurring in the lung.44 By analyzing the changes in gene expression
happening during this period, a number of differentially regulated genes were previously identified, including the transcription factor FoxJ1,44-46 the miR-449 host gene CDC20B,34 and
miR-449 itself37 (Fig. 2B). The spatiotemporal expression of the
transcription factor FoxJ1 strikingly correlates with ciliogenesis.47
Foxj1 mutant mice display a complete absence of motile cilia, a
random determination of left-right asymmetry, and mislocated
basal bodies. Thus, Foxj1 is required early for ciliogenesis, already
for the proper cellular localization of the basal bodies.45,46,48-52 A
newly published study shows that miR-449 expression not only
correlates with mucociliary differentiation, but also regulates this
process by directly targeting the notch pathway.38 In this study,
the mucociliary epidermis of Xenopus embryos served as model

for mucociliary epithelia, because mammalian bronchi and frog
skin display a similar mix of mucus-secreting goblet cells and
ciliated cells.53
Consistent with the idea of miR-449 being expressed mostly
in ciliated cells, miR-449 and its host gene CDC20B were found
almost exclusively in tissues containing high amounts of cilia,
e.g., the brain (choroid plexus, ependymal cilia), the reproductive systems (female reproductive tract: fallopian tube cilia; male
reproductive tract: sperm flagella, epididymis stereocilia), the
respiratory tract, and the mucociliary epidermis found in xenopus embryos.37,38
Cilia are filamentous organelles attached to the cell surface.
They are assembled when cells exit the cell cycle to differentiate.
In humans, cilia are classified into four main types depending
on their features, motile vs. non-motile and mono- vs. multiciliated (reviewed by Fliegauf et al.). The bronchial epithelium
harbors multiciliated cells, these cilia being motile. Therefore, it
was hypothesized that miR-449 is being expressed in multiciliated cells only.38 However, we showed that miR-449 is expressed
at high levels in human and murine testis,36 using RNA preparations devoid of the multiciliated cells-rich epididymis. Thus,
miR-449 might be strongly expressed also in non-multiciliated
cells, and their precise identity remains to be determined.
Additional studies found miR-449 expression in the mouse
brain,31 more precisely in the choroid plexus.55 The choroid
plexus produces the cerebrospinal fluid, and it is covered by a
layer of ciliated epithelial cells responsible for its proper transport. Dysfunctional cilia on the choroids plexus result in hydrocephalic mice.56 Moreover, normal ciliogenesis was shown to be a
requirement for correct neural tube closure, presumably because
cilia are required for the establishment of a correct planar cell
polarity, linking ciliated cells to brain development.57-61
It is tempting to speculate that miR-449 governs the differentiation of several types of ciliated cells; therefore it would remain
of interest whether other tissues containing ciliated cells also contain functional miR-449. Candidates include the photoreceptor
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Figure 2. MiR-449 in the regulation of cell fate in the context of (A) DNA
damage (original model shown in Lizé, Cell Death and Differentiation
2010) and (B) Ciliogenesis.

connecting cilia of the eye, the sensory stereocilia of the inner
ear, or the renal or pancreatic cilia. A role for miR-449 in early
development is also conceivable, as its expression might correlate
with the formation of the nodal cilia of the embryo, which is crucial for the determination of the left-right asymmetry. Sensitive
techniques like in situ hybridization of LNA probes,62 or in situ
hybridization with probes detecting the host gene CDC20B, on
tissue sections would provide valuable information regarding this
question.

It appears that miR-449 induces cell differentiation or apoptosis in a mutually exclusive fashion. Differentiated bronchial
epithelia harbor high levels of miR-449 without showing any
sign of cell death. In contrast, the reintroduction of miR-449
kills tumor cells efficiently or drives them into a permanent arrest
called senescence.30,63 This selective proapoptotic activity would
render miR-449 an attractive means to eliminate tumor cells,
if an efficient delivery system was available. Indeed, a new lung
cancer therapeutic approach based on the targets of miR-34 was
shown to kill tumor cells efficiently.65 Since miR-449 and miR34 have several common targets, this argues for a potential future
use of miR-449 or its targets in lung cancer therapy.
Of interest, other members of the miR-34 family have also
been involved in differentiation and development. For instance,
a target of miR-34, HMGA2 (high mobility group AT-hook
2), is known to be reduced in differentiated cells, and has been
involved in the maintenance of an undifferentiated state in cancer.66-68 HMGA2 is aberrantly overexpressed in 90% of lung cancer.68,69 Notch signaling is regulated by miR-449 and has a role in
development and differentiation (further discussed in the coming
chapter). Also, the activation of p53 by miR-449 can contribute
to the suppression of cellular dedifferentiation70 through the consequent downregulation of the pluripotency factor Nanog.71
Signaling Pathways Modulated by miR-449
and Their Impact on Cell Fate
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MiR-449—Additional Functions Affecting Cell Fate

cell types, with some preference for cells expressing wild-type
p53. This correlates with the downregulation of several cell cycle
regulators, like the cyclin-dependent kinases (CDKs) CDK6
and CDK4, cyclins (cyclin D1, Cyclin E2), the CDK-regulating
cdc25 family of phosphatases (activating CDKs by dephosphorylation of the active site), geminin (GMNN), and the E2F
transcription factors E2F1, E2F3 and E2F5.30,35,36,55,63 Under normal circumstances, the S-phase promoting transcription factors
E2F1-E2F3 are activated by the hyperphosphorylation of pRb by
CDKs, thereby allowing the cell to transcribe genes necessary to
proceed in the cell cycle. MiR-449 prevents the cell from entering
the S-phase through at least two mechanims: by downregulating
E2Fs directly and by inhibiting the activity of E2F transcription
factors through the reduction of CDKs. The additional induction of the p53 pathway including its target, the CDK inhibitor p21, potentiates these effects toward cell cycle arrest. Cell
fate determination appears to be determined in the G1-phase of
the cell cycle, where a choice has to be made between proliferation, quiescence, differentiation, apoptosis or senescence.64 Thus,
miR-449 represents a potential regulator of cell fate.
Besides cell cycle arrest, with or without quiescence or differentiation, miR-449 can also induce apoptosis.30,36 This happens
in part through the activation of the p53 pathway by downregulating the histone deacetylases HDAC1 and SIRT1. However,
miR-449 also promotes apoptosis in cells depleted of p53, even
though the underlying mechanisms are not fully understood.
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exemplify the best-described pathways in the context of cell fate
determination.
Notch Pathway
Notch signaling (reviewed previously in refs. 72 and 73) functions between two cells via receptor-ligand interactions. There
are four notch homologs in mammals, Notch1–Notch4, and five
well-described notch ligands, Jagged1 and Jagged2 (JAG1 and
JAG2), and delta-like 1, 3 and 4 (DLL1, DLL3–4). The binding
of a ligand to its receptor leads to the cleavage of the receptor,
which can then enter the nucleus and induce the expression of
transcriptional repressors from the Hairy Enhancer of Split family.74 An active Notch signaling is typically found in immature
and proliferating cells.75,76
Notch signaling has previously been linked to ciliated cell fate.
For instance, it regulates the specification of ciliated cells in the
epidermis of Xenopus laevis embryos.77,78 Notch signaling also controls the differentiation of multiciliated cells in the kidney through
jagged2/notch3 interaction.79,80 Finally, notch signaling is required
for the differentiation of epithelial cells from progenitors into
diverse cells in the bronchial epithelium.81-83 This partially happens through direct cell-cell interaction, by a mechanism referred
to as “lateral inhibition,” meaning that a cell adopting a particular
fate can keep its neighboring cells from doing so. The transmembrane proteins Notch and Delta are well-defined mediators of this
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kind of interaction.84 Notch-mediated lateral inhibition leads to a
typical “salt and pepper” pattern of cell types.79,85-88
Interestingly, notch signaling was found to regulate the specification of ciliated cells in amphibian epidermis77,78 as well as in
human mucociliary airway epithelia.83 Notch signaling appears
to be relevant in lung development and lung cancer.89 Notch
proteins and their ligands are increasingly expressed during the
development of the lung until adulthood;90,91 this negatively correlates with miR-449 expression being the highest in lung before
birth and gradually decreasing until adulthood.37 Moreover,
notch signaling can contribute to oncogenic ras-mediated tumorigenesis in lung cancer,92 and miR-449 appears to be downregulated in cancer.
Not only the notch1 receptor but also one of its ligands, DLL1,
represents a target of miR-449 38 and potentially of miR-34.93
Thus, miR-449 targets a receptor (Notch1) and a ligand (DLL1),
allowing the reduction of Notch signaling and lateral inhibition
from both interacting cells. Notch inactivation by miR-449 is
expected to release transcriptional repression from genes necessary for differentiation; the exact targets and their precise mechanistic role remain obscure.
The E2F and p53 Pathways
MiR-449 provides a negative feedback on E2F and a positive
feedback on the p53 pathway, reinforcing the E2F1-p53 interdependence. This was summarized in our recently published
study.36
In response to DNA damage, the transcription factors p53
and E2F1, both deregulated in cancer, are activated and can
induce proapoptotic genes. However, while E2F1 stabilizes p53
through the induction of p14arf and additionally enhances the
transactivation of p53-responsive genes via the induction of the
p53-homolog TAp73, p53 activation results in the inactivation of
E2F1 through increased transcription of the gene encoding the
CDK inhibitor p21.
MiR-449 recapitulates and enforces this asymmetric, mutual
regulation. In response to DNA damage, E2F1 transactivates
miR-449 which in turn activates the p53 pathway, thereby
inducing the expression of miR-34 (Fig. 2A). Both miR-449
and miR-34 then inhibit the E2F pathway in a negative feedback loop. The attenuation of E2F activity by miR-449 occurs
through several different mechanisms, pointing to the importance of this effect. First, miR-449 targets CDK2 and CDK6,
two cyclin-dependent kinases responsible for the phosphorylation of pocket proteins (e.g., Rb). As a result, hypophosphorylated Rb can bind to and inactivate E2F. Furthermore, another
miR-449 target, SIRT1, has been linked to cell cycle regulation
through E2F inhibition, since SIRT1 deacetylates Rb.94 A reduction of SIRT1 leads to the accumulation of acetylated, active Rb
(through the obstruction of inhibitory phosphorylation sites),
thereby inactivating E2F and promoting growth arrest. In p53
wild type cells, the negative regulation of E2F1 by miR-449
is further supported by the upregulation of the p53-reponsive

CDK inhibitor p21. This is at least partially due to the downregulation of SIRT1, which allows the accumulation of a highly
active, acetylated form of p53.19 This p53 activation may result
in the induction of apoptosis, as described earlier as a consequence of SIRT1 downregulation.22
However, since both miR-34 and miR-449 induce cell death
in p53 deficient cells, they must also trigger proapoptotic mechanisms independently of p53. MicroRNAs commonly regulate
large numbers of target genes, as demonstrated by the enormous
amount of targets found by computational predictions. We
expect that miR-449 also has a broad range of targeted mRNAs,
and that the outcome of miR-449 expression depends on the
combination of several effects with regard to the cellular context.
As the majority of tumor cells have lost proper p53 activity, the
mechanisms behind miR-449-mediated p53-independent apoptosis could obtain therapeutic relevance.
MiR-449 as a Regulator of General Gene Expression
and Chromatin Structure
The miR-449-mediated downregulation of the histone deacetylases HDAC1 95 and SIRT1 36,95 can be expected to affect the
expression of a broad range of genes, through chromatin modification (i.e., acetylation of histones) and regulation of various
transcription factors (e.g., acetylation of p53, Sp1). Histone
deacetylases play an important role in cell fate determination.96-98
HDACs, in contrast to microRNAs from the miR-34 family, are overexpressed in various cancers.99-106 This mostly correlates with poor prognosis.101,105-108 HDAC inhibitors efficiently
kill a variety of tumor cells, and accordingly, HDAC inhibitors are currently subject to clinical trials.109-112 Another type
of histone deacetylases, SIRT1, is also targeted by miR-449.36
SIRT1 is highly expressed in many cancers, and its knockdown
induced apoptosis even in cells lacking wild-type p53.113,114
The specific inhibition of SIRT1 also sensitizes tumor cells to
chemotherapeutics.115
The mechanism leading to HDAC overexpression in cancer
is not yet clear but might involve the loss of miR-449 and/or
miR-34. MiR-449 is generally reduced in tumor cells, mainly
through epigenetic silencing.35,36,95 Tumor cells might be selected
for miR-449 silencing since they would otherwise probably
undergo cell cycle arrest or apoptosis. The fact that the transcription factor E2F1 is frequently overactive in cancer and can induce
miR-44935,36,116 may further increase the need for miR-449 silencing. The loss of miR-449 observed in cancer may contribute to
enhanced expression of HDAC1 and SIRT1, thereby eventually
contributing to carcinogenesis through “cell reprogramming.”117
Intriguingly, miR-449 itself is induced by HDAC inhibition.36
Thus, miR-449 induction may contribute to cell death upon
HDAC inhibitor treatment.
Hence, HDACs keep miR-449 low in tumor cells while miR449 keeps HDACs low in non-cancerous cells. This mutual regulation might provide a “switch” for general gene expression, such
as often observed in tumorigenesis vs. differentiation.
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Regulation of miR-449 Expression
MiR-449 is strongly induced during the mucociliary differentiation of airway epithelium, and its expression in the murine lung
is highest around birth, when this process is needed the most.37,38
MiR-449 expression was found to be coregulated with its host
gene CDC20B in several studies,35-37 in part through transactivation by the transcription factor E2F1. However, the strong
increase of miR-449 expression observed in mucociliary differentiation can hardly be attributed to E2F1, since this factor remains
unchanged in its levels during this process.37 Therefore, the
regulatory mechanisms responsible for tissue specificity and for
the huge induction of miR-449 in differentiation remain largely
unknown. However, it seems conceivable that transcription factors responsible for mucociliary epithelia might contribute to
the miR-449/CDC20B induction seen in mucociliary differentiation.34,37 These include FoxJ1, a forkhead transcription factor
which is specifically expressed in ciliated cells and governs the
formation of cilia; 45-48,50,51,118-123 it is also expressed in the choroid plexus124 as well as in the reproductive epithelium.123 Also,
Sox factors,40,125-128 especially sox7,129 and sox17,127 and other FoxFactors,40,130 represent interesting candidates for the regulation of
miR-449 and CDC20B expression.
Open Questions for Ongoing Research

cleavage. Furthermore, since miRNAs possess many targets, we
might still miss information on additional signaling pathways
influenced by the miR-34/449 family. New approaches like the
AGO-RIP method,132,133 where a compound of the RISC complex, the protein Argonaute 2 (Ago2) is coprecipitated with its
bound RNA, provide a promising procedure to uncover additional targets.
The mechanisms regulating miR-449 expression in specific
tissues will be important to understand the corresponding differentiation program. It has been shown that miR-449 and its
host gene CDC20B are coregulated by E2F1 in the context of
DNA-damage. However, nothing is known about the regulatory
mechanisms in the context of differentiation. The Fox and Sox
families of transcription factors, known to regulate different cell
fates in different tissues, might represent promising candidates.
The decision between simple cell cycle arrest, permanent exit
for differentiation or senescence, or even apoptosis, in response to
miR-449, has to be tightly regulated. Future research may reveal
what additional signals influence this decision, and why miR-449
preferentially induces the death of non-differentiated cells.
Loss of miR-449 may represent a prerequisite of tumorigenesis. A lack of notch inhibition arising from miR-449 silencing could contribute to cancer progression by enhancing the
self-renewal capacity of the tumor cells. Until now, there is no
study directly indicating a causal role of miR-449 in tumorigenesis, even though it was reported that miR-449 levels are
decreased in tumor tissues. Especially tissues harboring high
levels of miR-449 under normal conditions (especially testicular and pulmonary tissues) should be considered in such studies.
Could the re-introduction of miR-449 (or the mimicking of its
effects through siRNAs against its main targets) even becomes a
potential therapeutic approach in cancers arising from such miR449-null tissues? In such a scenario, the ability of miR-449 to
induce apoptosis in a p53-independent manner could be of high
relevance, as functional p53 activity is lost in cancers.
To answer all the questions about the role of miR-449 in differentiation, development and tumorigenesis, animal models
with targeted gene disruptions or tissue-specific miR-449 overexpression will be required.
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It remains to be determined what additional cell types could be
responsible for the high overall miR-449 levels in tissues other
than lung, e.g., in testis. It is very possible that a regulator of multiciliated differentiation, like miR-449, could play a role in the
formation of the flagella in spermatids. The fact that miR-449 is
highly expressed in testicular tissue also could suggest that miR449 is involved in the differentiation of male germ cells. There
has been a recent report of a role for miR-34c in late spermatogenesis, mainly through the regulation of notch2 and TGIF2, an
inhibitor of the TGFβ pathway.131 As miR-449 possesses a very
similar seed sequence as miR-34 members, it might also contribute to spermiogenesis.
Moreover, it is still unclear how precisely miR-449 and its
host gene CDC20B contribute to ciliogenesis. Ciliogenesis is
highly cell specific, whereas notch signaling is found in many
cells, including non-ciliary cells. Additionally, it is still not
clear how the inhibition of the notch patway through miR449 leads to mucociliary differentiation downstream of notch
References
1.

2.

3.

4.

Ambros V. The functions of animal microRNAs. Nature
2004; 431:350-5; PMID:15372042; DOI:10.1038/
nature02871.
Ambros V, Lee RC. Identification of microRNAs and
other tiny noncoding RNAs by cDNA cloning. Methods
Mol Biol 2004; 265:131-58. PMID:15103073
Bartel DP. MicroRNAs: genomics, biogenesis,
mechanism and function. Cell 2004; 116:28197;
PMID:14744438;
DOI:10.1016/S00928674(04)00045-5.
Bartel DP, Chen CZ. Micromanagers of gene expression: the potentially widespread influence of metazoan microRNAs. Nat Rev Genet 2004; 5:396-400;
PMID:15143321; DOI:10.1038/nrg1328.

www.landesbioscience.com

5.

6.

7.

Acknowledgments

This work was supported by the German Cancer Aid/Dr. Mildred
Scheel Stiftung, the German Research Foundation (DFG), and
the Wilhelm Sander Stiftung.

Lagos-Quintana M, Rauhut R, Lendeckel W, Tuschl T.
Identification of novel genes coding for small expressed
RNAs. Science 2001; 294:853-8; PMID:11679670;
DOI:10.1126/science.1064921.
Lagos-Quintana M, Rauhut R, Yalcin A, Meyer
J, Lendeckel W, Tuschl T. Identification of tissuespecific microRNAs from mouse. Curr Biol 2002;
12:735-9; PMID:12007417; DOI:10.1016/S09609822(02)00809-6.
Landgraf P, Rusu M, Sheridan R, Sewer A, Iovino
N, Aravin A, et al. A mammalian microRNA expression atlas based on small RNA library sequencing. Cell 2007; 129:1401-14; PMID:17604727;
DOI:10.1016/j.cell.2007.04.040.

Cell Cycle

8.

Filipowicz W, Bhattacharyya SN, Sonenberg N.
Mechanisms of post-transcriptional regulation by
microRNAs: are the answers in sight? Nat Rev Genet
2008; 9:102-14; PMID:18197166; DOI:10.1038/
nrg2290.
9. Flynt AS, Lai EC. Biological principles of microRNAmediated regulation: shared themes amid diversity.
Nat Rev Genet 2008; 9:831-42; PMID:18852696;
DOI:10.1038/nrg2455.
10. He L, Hannon GJ. MicroRNAs: small RNAs with a big
role in gene regulation. Nat Rev Genet 2004; 5:522-31;
PMID:15211354; DOI:10.1038/nrg1379.
11. Esquela-Kerscher A, Slack FJ. Oncomirs—microRNAs
with a role in cancer. Nat Rev Cancer 2006; 6:259-69;
PMID:16557279; DOI:10.1038/nrc1840.

2879

12. Didiano D, Hobert O. Perfect seed pairing is not
a generally reliable predictor for miRNA-target
interactions. Nat Struct Mol Biol 2006; 13:849-51;
PMID:16921378; DOI:10.1038/nsmb1138.
13. Smalheiser NR, Torvik VI. Complications in mammalian microRNA target prediction. Methods Mol Biol
2006; 342:115-27; PMID:16957371.
14. Chen CZ, Li L, Lodish HF, Bartel DP. MicroRNAs
modulate hematopoietic lineage differentiation. Science
2004; 303:83-6; PMID:14657504; DOI:10.1126/science.1091903.
15. Chang TC, Wentzel EA, Kent OA, Ramachandran
K, Mullendore M, Lee KH, et al. Transactivation
of miR-34a by p53 broadly influences gene expression and promotes apoptosis. Mol Cell 2007;
26:745-52; PMID:17540599; DOI:10.1016/j.molcel.2007.05.010.
16. Tarasov V, Jung P, Verdoodt B, Lodygin D,
Epanchintsev A, Menssen A, et al. 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 2007; 6:1586-93;
PMID:17554199; DOI:10.4161/cc.6.13.4436.
17. Raver-Shapira N, Marciano E, Meiri E, Spector Y,
Rosenfeld N, Moskovits N, et al. Transcriptional activation of miR-34a contributes to p53-mediated apoptosis. Mol Cell 2007; 26:731-43; PMID:17540598;
DOI:10.1016/j.molcel.2007.05.017.
18. Merkel O, Asslaber D, Pinon JD, Egle A, Greil
R. Interdependent regulation of p53 and miR34a in chronic lymphocytic leukemia. Cell Cycle
2010; 9:2764-8; PMID:20581456; DOI:10.4161/
cc.9.14.12267.
19. Yamakuchi M, Ferlito M, Lowenstein CJ. miR-34a
repression of SIRT1 regulates apoptosis. Proc Natl
Acad Sci USA 2008; 105:13421-6; PMID:18755897;
DOI:10.1073/pnas.0801613105.
20. Lee J, Kemper JK. Controlling SIRT1 expression by
microRNAs in health and metabolic disease. Aging
(Albany NY) 2010; 2:527-34; PMID:20689156.
21. Saunders LR, Sharma AD, Tawney J, Nakagawa M,
Okita K, Yamanaka S, et al. miRNAs regulate SIRT1
expression during mouse embryonic stem cell differentiation and in adult mouse tissues. Aging (Albany NY)
2010; 2:415-31; PMID:20634564.
22. Sun F, Fu H, Liu Q, Tie Y, Zhu J, Xing R, et
al. Downregulation of CCND1 and CDK6 by
miR-34a induces cell cycle arrest. FEBS Lett 2008;
582:1564-8; PMID:18406353; DOI:10.1016/j.febslet.2008.03.057.
23. Tazawa H, Tsuchiya N, Izumiya M, Nakagama H.
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
2007; 104:15472-7; PMID:17875987; DOI:10.1073/
pnas.0707351104.
24. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by adenosines, indicates that thousands of human genes are microRNA targets. Cell
2005; 120:15-20; PMID:15652477; DOI:10.1016/j.
cell.2004.12.035.
25. Floyd SK, Bowman JL. Gene regulation: ancient
microRNA target sequences in plants. Nature 2004;
428:485-6; PMID:15057819; DOI:10.1038/428485a.
26. Grimson A, Farh KK, Johnston WK, Garrett-Engele P,
Lim LP, Bartel DP. MicroRNA targeting specificity in
mammals: determinants beyond seed pairing. Mol Cell
2007; 27:91-105; PMID:17612493; DOI:10.1016/j.
molcel.2007.06.017.
27. Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP,
Burge CB. Prediction of mammalian microRNA
targets. Cell 2003; 115:787-98; PMID:14697198;
DOI:10.1016/S0092-8674(03)01018-3.
28. Guessous F, Zhang Y, Kofman A, Catania A, Li Y,
Schiff D, et al. microRNA-34a is tumor suppressive
in brain tumors and glioma stem cells. Cell Cycle
2010; 9:1031-6; PMID:20190569; DOI:10.4161/
cc.9.6.10987.

29. Coppola V, De Maria R, Bonci D. MicroRNAs and
prostate cancer. Endocr Relat Cancer 2010; 17:1-17;
PMID:19779034; DOI:10.1677/ERC-09-0172.
30. Bou Kheir T, Futoma-Kazmierczak E, Jacobsen A,
Krogh A, Bardram L, Hother C, et al. miR-449 inhibits cell proliferation and is downregulated in gastric
cancer. Mol Cancer 2011; 10:29; PMID:21418558;
DOI:10.1186/1476-4598-10-29.
31. Wheeler G, Ntounia-Fousara S, Granda B, Rathjen
T, Dalmay T. Identification of new central nervous
system specific mouse microRNAs. FEBS Lett 2006;
580:2195-200; PMID:16566924; DOI:10.1016/j.febslet.2006.03.019.
32. Fang G, Yu H, Kirschner MW. Direct binding of
CDC20 protein family members activates the anaphase-promoting complex in mitosis and G1. Mol
Cell 1998; 2:163-71; PMID:9734353; DOI:10.1016/
S1097-2765(00)80126-4.
33. Wang Y, Brahmakshatriya V, Zhu H, Lupiani B,
Reddy SM, Yoon BJ, et al. Identification of differentially expressed miRNAs in chicken lung and
trachea with avian influenza virus infection by a deep
sequencing approach. BMC Genomics 2009; 10:512;
PMID:19891781; DOI:10.1186/1471-2164-10-512.
34. Ross AJ, Dailey LA, Brighton LE, Devlin RB.
Transcriptional profiling of mucociliary differentiation in human airway epithelial cells. Am J Respir
Cell Mol Biol 2007; 37:169-85; PMID:17413031;
DOI:10.1165/rcmb.2006-0466OC.
35. Yang X, Feng M, Jiang X, Wu Z, Li Z, Aau M, et
al. miR-449a and miR-449b are direct transcriptional targets of E2F1 and negatively regulate pRbE2F1 activity through a feedback loop by targeting
CDK6 and CDC25A. Genes Dev 2009; 23:2388-93;
PMID:19833767; DOI:10.1101/gad.1819009.
36. Lizé M, Pilarski S, Dobbelstein M. E2F1-inducible
microRNA 449a/b suppresses cell proliferation and
promotes apoptosis. Cell Death Differ 2010; 17:452-8;
PMID:19960022; DOI:10.1038/cdd.2009.188.
37. Lizé M, Herr C, Klimke A, Bals R, Dobbelstein
M. MicroRNA-449a levels increase by several orders
of magnitude during mucociliary differentiation
of airway epithelia. Cell Cycle 2010; 9:4579-83;
PMID:21088493; DOI:10.4161/cc.9.22.13870.
38. Marcet B, Chevalier B, Luxardi G, Coraux C, Zaragosi
LE, Cibois M, et al. Control of vertebrate multiciliogenesis by miR-449 through direct repression of the
Delta/Notch pathway. Nat Cell Biol 2011; 13:693-9;
PMID:21602795; DOI:10.1038/ncb2241.
39. Cardoso WV, Lu J. Regulation of early lung morphogenesis: questions, facts and controversies.
Development 2006; 133:1611-24; PMID:16613830;
DOI:10.1242/dev.02310.
40. Maeda Y, Dave V, Whitsett JA. Transcriptional control
of lung morphogenesis. Physiol Rev 2007; 87:219-44;
PMID:17237346; DOI:10.1152/physrev.00028.2006.
41. Warburton D, Bellusci S, De Langhe S, Del Moral PM,
Fleury V, Mailleux A, et al. Molecular mechanisms of
early lung specification and branching morphogenesis. Pediatr Res 2005; 57:26-37; PMID:15817505;
DOI:10.1203/01.PDR.0000159570.01327.ED.
42. Houtmeyers E, Gosselink R, Gayan-Ramirez G,
Decramer M. Regulation of mucociliary clearance
in health and disease. Eur Respir J 1999; 13:117788;
PMID:10414423;
DOI:10.1034/j.13993003.1999.13e39.x.
43. Copland I, Post M. Lung development and fetal
lung growth. Paediatr Respir Rev 2004; 5:25964;
PMID:14980282;
DOI:10.1016/S15260542(04)90049-8.
44. Bals R, Beisswenger C, Blouquit S, Chinet T. Isolation
and air-liquid interface culture of human large airway and bronchiolar epithelial cells. J Cyst Fibros
2004; 3:49-51; PMID:15463925; DOI:10.1016/j.
jcf.2004.05.010.

45. Brody SL, Yan XH, Wuerffel MK, Song SK, Shapiro
SD. Ciliogenesis and left-right axis defects in forkhead
factor HFH-4-null mice. Am J Respir Cell Mol Biol
2000; 23:45-51; PMID:10873152.
46. Chen J, Knowles HJ, Hebert JL, Hackett BP. Mutation
of the mouse hepatocyte nuclear factor/forkhead homologue 4 gene results in an absence of cilia and random
left-right asymmetry. J Clin Invest 1998; 102:1077-82;
PMID:9739041; DOI:10.1172/JCI4786.
47. Blatt EN, Yan XH, Wuerffel MK, Hamilos DL, Brody
SL. Forkhead transcription factor HFH-4 expression is
temporally related to ciliogenesis. Am J Respir Cell Mol
Biol 1999; 21:168-76; PMID:10423398.
48. Gomperts BN, Gong-Cooper X, Hackett BP. Foxj1
regulates basal body anchoring to the cytoskeleton of
ciliated pulmonary epithelial cells. J Cell Sci 2004;
117:1329-37; PMID:14996907; DOI:10.1242/
jcs.00978.
49. Huang T, You Y, Spoor MS, Richer EJ, Kudva VV,
Paige RC, et al. Foxj1 is required for apical localization of ezrin in airway epithelial cells. J Cell Sci
2003; 116:4935-45; PMID:14625387; DOI:10.1242/
jcs.00830.
50. You Y, Huang T, Richer EJ, Schmidt JE, Zabner
J, Borok Z, et al. Role of f-box factor foxj1 in differentiation of ciliated airway epithelial cells. Am J
Physiol Lung Cell Mol Physiol 2004; 286:650-7;
PMID:12818891; DOI:10.1152/ajplung.00170.2003.
51. Yu X, Ng CP, Habacher H, Roy S. Foxj1 transcription factors are master regulators of the motile
ciliogenic program. Nat Genet 2008; 40:1445-53;
PMID:19011630; DOI:10.1038/ng.263.
52. Pan J, You Y, Huang T, Brody SL. RhoA-mediated
apical actin enrichment is required for ciliogenesis and
promoted by Foxj1. J Cell Sci 2007; 120:1868-76;
PMID:17488776; DOI:10.1242/jcs.005306.
53. Hayes JM, Kim SK, Abitua PB, Park TJ, Herrington
ER, Kitayama A, et al. Identification of novel ciliogenesis factors using a new in vivo model for mucociliary
epithelial development. Dev Biol 2007; 312:115-30;
PMID:17961536; DOI:10.1016/j.ydbio.2007.09.031.
54. Fliegauf M, Benzing T, Omran H. When cilia go bad:
cilia defects and ciliopathies. Nat Rev Mol Cell Biol
2007; 8:880-93; PMID:17955020; DOI:10.1038/
nrm2278.
55. Redshaw N, Wheeler G, Hajihosseini MK, Dalmay
T. microRNA-449 is a putative regulator of choroid plexus development and function. Brain Res
2009; 1250:20-6; PMID:19056356; DOI:10.1016/j.
brainres.2008.11.020.
56. Banizs B, Pike MM, Millican CL, Ferguson WB,
Komlosi P, Sheetz J, et al. Dysfunctional cilia lead to
altered ependyma and choroid plexus function, and
result in the formation of hydrocephalus. Development
2005; 132:5329-39; PMID:16284123; DOI:10.1242/
dev.02153.
57. Park TJ, Haigo SL, Wallingford JB. Ciliogenesis defects
in embryos lacking inturned or fuzzy function are
associated with failure of planar cell polarity and
Hedgehog signaling. Nat Genet 2006; 38:303-11;
PMID:16493421; DOI:10.1038/ng1753.
58. Wallingford JB. Planar cell polarity, ciliogenesis and
neural tube defects. Hum Mol Genet 2006; 15:227-34;
PMID:16987888; DOI:10.1093/hmg/ddl216.
59. Huangfu D, Liu A, Rakeman AS, Murcia NS,
Niswander L, Anderson KV. Hedgehog signalling
in the mouse requires intraflagellar transport proteins. Nature 2003; 426:83-7; PMID:14603322;
DOI:10.1038/nature02061.
60. Zohn IE, Anderson KV, Niswander L. Using genomewide mutagenesis screens to identify the genes
required for neural tube closure in the mouse. Birth
Defects Res A Clin Mol Teratol 2005; 73:583-90;
PMID:15971254; DOI:10.1002/bdra.20164.
61. Scholey JM, Anderson KV. Intraflagellar transport
and cilium-based signaling. Cell 2006; 125:439-42;
PMID:16678091; DOI:10.1016/j.cell.2006.04.013.

©201
1L
andesBi
os
c
i
enc
e.
Donotdi
s
t
r
i
but
e.

2880

Cell Cycle	Volume 10 Issue 17

62. Wienholds E, Kloosterman WP, Miska E, AlvarezSaavedra E, Berezikov E, de Bruijn E, et al. MicroRNA
expression in zebrafish embryonic development. Science
2005; 309:310-1; PMID:15919954; DOI:10.1126/
science.1114519.
63. Noonan EJ, Place RF, Basak S, Pookot D, Li LC.
miR-449a causes Rb-dependent cell cycle arrest and
senescence in prostate cancer cells. Oncotarget 2010;
1:349-58; PMID:20948989.
64. Blomen VA, Boonstra J. Cell fate determination during
G1 phase progression. Cell Mol Life Sci 2007; 64:3084104; PMID:17891333; DOI:10.1007/s00018-0077271-z.
65. Wiggins JF, Ruffino L, Kelnar K, Omotola M,
Patrawala L, Brown D, et al. Development of a
lung cancer therapeutic based on the tumor suppressor microRNA-34. Cancer Res 2010; 70:5923-30;
PMID:20570894; DOI:10.1158/0008-5472.CAN10-0655.
66. Dröge P, Davey CA. Do cells let-7 determine stemness? Cell Stem Cell 2008; 2:8-9; PMID:18371414;
DOI:10.1016/j.stem.2007.12.003.
67. Reeves R. Structure and function of the HMGI(Y)
family of architectural transcription factors. Environ
Health Perspect 2000; 108:803-9; PMID:11035986;
DOI:10.2307/3454310.
68. Lee YS, Dutta A. The tumor suppressor microRNA
let-7 represses the HMGA2 oncogene. Genes Dev
2007; 21:1025-30; PMID:17437991; DOI:10.1101/
gad.1540407.
69. Sarhadi VK, Wikman H, Salmenkivi K, Kuosma E,
Sioris T, Salo J, et al. Increased expression of high
mobility group A proteins in lung cancer. J Pathol
2006; 209:206-12; PMID:16521118; DOI:10.1002/
path.1960.
70. Zhao T, Xu Y. p53 and stem cells: new developments
and new concerns. Trends Cell Biol 2010; 20:170-5;
PMID:20061153; DOI:10.1016/j.tcb.2009.12.004.
71. Lin T, Chao C, Saito S, Mazur SJ, Murphy ME,
Appella E, et al. p53 induces differentiation of mouse
embryonic stem cells by suppressing Nanog expression. Nat Cell Biol 2005; 7:165-71; PMID:15619621;
DOI:10.1038/ncb1211.
72. Hansson EM, Lendahl U, Chapman G. Notch signaling in development and disease. Semin Cancer Biol
2004; 14:320-8; PMID:15288257; DOI:10.1016/j.
semcancer.2004.04.011.
73. Radtke F, Raj K. The role of Notch in tumorigenesis:
oncogene or tumour suppressor? Nat Rev Cancer 2003;
3:756-67; PMID:14570040; DOI:10.1038/nrc1186.
74. Pfannkuche K, Summer H, Li O, Hescheler J, Droge
P. The high mobility group protein HMGA2: a co-regulator of chromatin structure and pluripotency in stem
cells? Stem Cell Rev 2009; 5:224-30; PMID:19551524;
DOI:10.1007/s12015-009-9078-9.
75. Axelson H. Notch signaling and cancer: emerging complexity. Semin Cancer Biol 2004; 14:3179; PMID:15288256; DOI:10.1016/j.semcancer.2004.04.010.
76. Fre S, Huyghe M, Mourikis P, Robine S, Louvard D,
Artavanis-Tsakonas S. Notch signals control the fate
of immature progenitor cells in the intestine. Nature
2005; 435:964-8; PMID:15959516; DOI:10.1038/
nature03589.
77. Deblandre GA, Wettstein DA, Koyano-Nakagawa
N, Kintner C. A two-step mechanism generates the
spacing pattern of the ciliated cells in the skin of
Xenopus embryos. Development 1999; 126:4715-28;
PMID:10518489.
78. Stubbs JL, Davidson L, Keller R, Kintner C. Radial
intercalation of ciliated cells during Xenopus skin
development. Development 2006; 133:2507-15;
PMID:16728476; DOI:10.1242/dev.02417.
79. Liu Y, Pathak N, Kramer-Zucker A, Drummond IA.
Notch signaling controls the differentiation of transporting epithelia and multiciliated cells in the zebrafish pronephros. Development 2007; 134:1111-22;
PMID:17287248; DOI:10.1242/dev.02806.

80. Ma M, Jiang YJ. Jagged2a-notch signaling mediates
cell fate choice in the zebrafish pronephric duct. PLoS
Genet 2007; 3:18; PMID:17257056; DOI:10.1371/
journal.pgen.0030018.
81. Guseh JS, Bores SA, Stanger BZ, Zhou Q, Anderson
WJ, Melton DA, et al. Notch signaling promotes airway
mucous metaplasia and inhibits alveolar development.
Development 2009; 136:1751-9; PMID:19369400;
DOI:10.1242/dev.029249.
82. Morimoto M, Liu Z, Cheng HT, Winters N, Bader D,
Kopan R. Canonical Notch signaling in the developing
lung is required for determination of arterial smooth
muscle cells and selection of Clara versus ciliated cell
fate. J Cell Sci 2010; 123:213-24; PMID:20048339;
DOI:10.1242/jcs.058669.
83. Tsao PN, Vasconcelos M, Izvolsky KI, Qian J, Lu J,
Cardoso WV. Notch signaling controls the balance of
ciliated and secretory cell fates in developing airways.
Development 2009; 136:2297-307; PMID:19502490;
DOI:10.1242/dev.034884.
84. Rooke JE, Xu T. Positive and negative signals between
interacting cells for establishing neural fate. Bioessays
1998; 20:209-14; PMID:9631648; DOI:10.1002/
(SICI)1521-1878(199803)20:3<209::AIDBIES4>3.0.CO;2-M.
85. Caprioli A, Goitsuka R, Pouget C, Dunon D, Jaffredo
T. Expression of Notch genes and their ligands during
gastrulation in the chicken embryo. Mech Dev 2002;
116:161-4; PMID:12128216; DOI:10.1016/S09254773(02)00136-3.
86. Dubois L, Bally-Cuif L, Crozatier M, Moreau J,
Paquereau L, Vincent A. XCoe2, a transcription factor
of the Col/Olf-1/EBF family involved in the specification of primary neurons in Xenopus. Curr Biol 1998;
8:199-209; PMID:9501982; DOI:10.1016/S09609822(98)70084-3.
87. Kageyama R, Ohtsuka T, Shimojo H, Imayoshi I.
Dynamic Notch signaling in neural progenitor cells
and a revised view of lateral inhibition. Nat Neurosci
2008; 11:1247-51; PMID:18956012; DOI:10.1038/
nn.2208.
88. Marnellos G, Deblandre GA, Mjolsness E, Kintner
C. Delta-Notch lateral inhibitory patterning in the
emergence of ciliated cells in Xenopus: experimental
observations and a gene network model. Pac Symp
Biocomput 2000; 329-40; PMID:10902181.
89. Collins BJ, Kleeberger W, Ball DW. Notch in lung
development and lung cancer. Semin Cancer Biol
2004; 14:357-64. PMID:15288261 DOI:10.1016/j.
semcancer.2004.04.015
90. Ito T, Udaka N, Yazawa T, Okudela K, Hayashi H,
Sudo T, et al. Basic helix-loop-helix transcription factors regulate the neuroendocrine differentiation of fetal
mouse pulmonary epithelium. Development 2000;
127:3913-21; PMID:10952889.
91. Taichman DB, Loomes KM, Schachtner SK, Guttentag
S, Vu C, Williams P, et al. Notch1 and Jagged1
expression by the developing pulmonary vasculature. Dev Dyn 2002; 225:166-75; PMID:12242716;
DOI:10.1002/dvdy.10146.
92. Weijzen S, Rizzo P, Braid M, Vaishnav R, Jonkheer
SM, Zlobin A, et al. Activation of Notch-1 signaling maintains the neoplastic phenotype in human
Ras-transformed cells. Nat Med 2002; 8:979-86;
PMID:12185362; DOI:10.1038/nm754.
93. Hoesel B, Bhujabal Z, Przemeck GK, Kurz-Drexler A,
Weisenhorn DM, Angelis MH, et al. Combination of
in silico and in situ hybridisation approaches to identify potential Dll1 associated miRNAs during mouse
embryogenesis. Gene Expr Patterns 2010; 10:265-73;
PMID:20558326; DOI:10.1016/j.gep.2010.06.002.
94. Wong S, Weber JD. Deacetylation of the retinoblastoma tumour suppressor protein by SIRT1. Biochem
J 2007; 407:451-60; PMID:17620057; DOI:10.1042/
BJ20070151.

95. Noonan EJ, Place RF, Pookot D, Basak S, Whitson
JM, Hirata H, et al. miR-449a targets HDAC-1 and
induces growth arrest in prostate cancer. Oncogene
2009; 28:1714-24; PMID:19252524; DOI:10.1038/
onc.2009.19.
96. Wada T, Kikuchi J, Nishimura N, Shimizu R, Kitamura
T, Furukawa Y. Expression levels of histone deacetylases
determine the cell fate of hematopoietic progenitors. J
Biol Chem 2009; 284:30673-83; PMID:19736310;
DOI:10.1074/jbc.M109.042242.
97. Dovey OM, Foster CT, Cowley SM. Histone deacetylase 1 (HDAC1), but not HDAC2, controls embryonic stem cell differentiation. Proc Natl Acad Sci USA
2010; 107:8242-7. PMID:20404188 DOI:10.1073/
pnas.1000478107
98. Mahpatra S, Firpo MT, Bacanamwo M. Inhibition
of DNA methyltransferases and histone deacetylases
induces bone marrow-derived multipotent adult progenitor cells to differentiate into endothelial cells. Ethn
Dis 2010; 20:1-60-4; PMID:20521387.
99. Patra SK, Patra A, Dahiya R. Histone deacetylase and
DNA methyltransferase in human prostate cancer.
Biochem Biophys Res Commun 2001; 287:705-13;
PMID:11563853; DOI:10.1006/bbrc.2001.5639.
100. Halkidou K, Gaughan L, Cook S, Leung HY, Neal
DE, Robson CN. Upregulation and nuclear recruitment of HDAC1 in hormone refractory prostate
cancer. Prostate 2004; 59:177-89; PMID:15042618;
DOI:10.1002/pros.20022.
101. Halkidou K, Cook S, Leung HY, Neal DE, Robson
CN. Nuclear accumulation of histone deacetylase
4 (HDAC4) coincides with the loss of androgen
sensitivity in hormone refractory cancer of the prostate. Eur Urol 2004; 45:382-9; PMID:15036687
DOI:10.1016/j.eururo.2003.10.005
102. Zhang Z, Yamashita H, Toyama T, Sugiura H, Ando
Y, Mita K, et al. Quantitation of HDAC1 mRNA
expression in invasive carcinoma of the breast*. Breast
Cancer Res Treat 2005; 94:11-6. PMID:16172792
DOI:10.1007/s10549-005-6001-1
103. Wilson AJ, Byun DS, Popova N, Murray LB, L’Italien
K, Sowa Y, et al. Histone deacetylase 3 (HDAC3) and
other class I HDACs regulate colon cell maturation
and p21 expression and are deregulated in human
colon cancer. J Biol Chem 2006; 281:13548-58.
PMID:16533812 DOI:10.1074/jbc.M510023200
104. Fritzsche FR, Weichert W, Roske A, Gekeler V, Beckers
T, Stephan C, et al. Class I histone deacetylases 1, 2 and
3 are highly expressed in renal cell cancer. BMC Cancer
2008; 8:381. PMID:19099586 DOI:10.1186/14712407-8-381
105. Weichert W, Roske A, Gekeler V, Beckers T, Stephan C,
Jung K, et al. Histone deacetylases 1, 2 and 3 are highly
expressed in prostate cancer and HDAC2 expression is associated with shorter PSA relapse time after
radical prostatectomy. Br J Cancer 2008; 98:604-10.
PMID:18212746 DOI:10.1038/sj.bjc.6604199
106. Weichert W. HDAC expression and clinical prognosis in human malignancies. Cancer Lett 2009;
280:168-76. PMID:19103471 DOI:10.1016/j.canlet.2008.10.047
107. Weichert W, Denkert C, Noske A, Darb-Esfahani S,
Dietel M, Kalloger SE, et al. Expression of class I histone deacetylases indicates poor prognosis in endometrioid subtypes of ovarian and endometrial carcinomas.
Neoplasia 2008; 10:1021-7. PMID:18714364
108. Weichert W, Roske A, Niesporek S, Noske A,
Buckendahl AC, Dietel M, et al. Class I histone deacetylase expression has independent prognostic impact in
human colorectal cancer: specific role of class I histone
deacetylases in vitro and in vivo. Clin Cancer Res 2008;
14:1669-77. PMID:18347167 DOI:10.1158/10780432.CCR-07-0990
109. Moradei O, Maroun CR, Paquin I, Vaisburg A.
Histone deacetylase inhibitors: latest developments, trends and prospects. Curr Med Chem
Anticancer Agents 2005; 5:529-60. PMID:16178777
DOI:10.2174/1568011054866946

©201
1L
andesBi
os
c
i
enc
e.
Donotdi
s
t
r
i
but
e.

www.landesbioscience.com

Cell Cycle

2881

110. Carew JS, Giles FJ, Nawrocki ST. Histone deacetylase
inhibitors: mechanisms of cell death and promise
in combination cancer therapy. Cancer Lett 2008;
269:7-17. PMID:18462867 DOI:10.1016/j.canlet.2008.03.037
111. Moradei O, Vaisburg A, Martell RE. Histone deacetylase inhibitors in cancer therapy: new compounds
and clinical update of benzamide-type agents. Curr
Top Med Chem 2008; 8:841-58. PMID:18673170
DOI:10.2174/156802608784911581
112. Shankar S, Srivastava RK. Histone deacetylase inhibitors: mechanisms and clinical significance in cancer: HDAC inhibitor-induced apoptosis. Adv Exp
Med Biol 2008; 615:261-98. PMID:18437899
DOI:10.1007/978-1-4020-6554-5_13
113. Stünkel W, Peh BK, Tan YC, Nayagam VM, Wang X,
Salto-Tellez M, et al. Function of the SIRT1 protein
deacetylase in cancer. Biotechnol J 2007; 2:1360-8.
PMID:17806102 DOI:10.1002/biot.200700087
114. Alcendor RR, Kirshenbaum LA, Imai S, Vatner SF,
Sadoshima J. Silent information regulator 2alpha, a
longevity factor and class III histone deacetylase, is
an essential endogenous apoptosis inhibitor in cardiac
myocytes. Circ Res 2004; 95:971-80. PMID:15486319
DOI:10.1161/01.RES.0000147557.75257.ff
115. Heltweg B, Gatbonton T, Schuler AD, Posakony
J, Li H, Goehle S, et al. Antitumor activity of a
small-molecule inhibitor of human silent information
regulator 2 enzymes. Cancer Res 2006; 66:4368-77.
PMID:16618762 DOI:10.1158/0008-5472.CAN-053617
116. Feng M, Yu Q. miR-449 regulates CDK-Rb-E2F1
through an auto-regulatory feedback circuit. Cell
Cycle 2010; 9:213-4. PMID:20046097 DOI:10.4161/
cc.9.2.10502
117. Trosko JE. Review paper: cancer stem cells and cancer
nonstem cells: from adult stem cells or from reprogramming of differentiated somatic cells. Vet Pathol 2009;
46:176-93. PMID:19261629
118. Ostrowski LE, Hutchins JR, Zakel K, O’Neal WK.
Targeting expression of a transgene to the airway
surface epithelium using a ciliated cell-specific promoter. Mol Ther 2003; 8:637-45. PMID:14529837
DOI:10.1016/S1525-0016(03)00221-1
119. Pohl BS, Knochel W. Isolation and developmental expression of Xenopus FoxJ1 and FoxK1. Dev
Genes Evol 2004; 214:200-5. PMID:14986136
DOI:10.1007/s00427-004-0391-7
120. Tichelaar JW, Lim L, Costa RH, Whitsett JA. HNF-3/
forkhead homologue-4 influences lung morphogenesis and respiratory epithelial cell differentiation in
vivo. Dev Biol 1999; 213:405-17. PMID:10479457
DOI:10.1006/dbio.1999.9380
121. Tichelaar JW, Wert SE, Costa RH, Kimura S,
Whitsett JA. HNF-3/forkhead homologue-4
(HFH-4) is expressed in ciliated epithelial
cells in the developing mouse lung. J Histochem
Cytochem 1999; 47:823-32. PMID:10330459
DOI:10.1177/002215549904700612
122. Whitsett JA, Tichelaar JW. Forkhead transcription
factor HFH-4 and respiratory epithelial cell differentiation. Am J Respir Cell Mol Biol 1999; 21:153-4.
PMID:10423395
123. Hackett BP, Brody SL, Liang M, Zeitz ID, Bruns LA,
Gitlin JD. Primary structure of hepatocyte nuclear
factor/forkhead homologue 4 and characterization
of gene expression in the developing respiratory and
reproductive epithelium. Proc Natl Acad Sci USA
1995; 92:4249-53. PMID:7753791 DOI:10.1073/
pnas.92.10.4249
124. Lim L, Zhou H, Costa RH. The winged helix transcription factor HFH-4 is expressed during choroid plexus
epithelial development in the mouse embryo. Proc
Natl Acad Sci USA 1997; 94:3094-9. PMID:9096351
DOI:10.1073/pnas.94.7.3094

125. Tompkins DH, Besnard V, Lange AW, Wert SE,
Keiser AR, Smith AN, et al. Sox2 is required for
maintenance and differentiation of bronchiolar
Clara, ciliated and goblet cells. PLoS ONE 2009;
4:8248. PMID:20011520 DOI:10.1371/journal.
pone.0008248
126. Tompkins DH, Besnard V, Lange AW, Keiser AR,
Wert SE, Bruno MD, et al. Sox2 activates cell proliferation and differentiation in the respiratory epithelium. Am J Respir Cell Mol Biol 2011; 45:101-10.
PMID:20855650 DOI:10.1165/rcmb.2010-0149OC
127. Park KS, Wells JM, Zorn AM, Wert SE, Whitsett
JA. Sox17 influences the differentiation of respiratory epithelial cells. Dev Biol 2006; 294:192-202.
PMID:16574095 DOI:10.1016/j.ydbio.2006.02.038
128. Park KS, Wells JM, Zorn AM, Wert SE, Laubach
VE, Fernandez LG, et al. Transdifferentiation of ciliated cells during repair of the respiratory epithelium. Am J Respir Cell Mol Biol 2006; 34:151-7.
PMID:16239640 DOI:10.1165/rcmb.2005-0332OC
129. Fawcett SR, Klymkowsky MW. Embryonic expression of Xenopus laevis SOX7. Gene Expr Patterns
2004; 4:29-33. PMID:14678825 DOI:10.1016/j.
modgep.2003.08.003
130. Whitsett JA, Haitchi HM, Maeda Y. Intersections
between pulmonary development and disease. Am J
Respir Crit Care Med 2011; In press; PMID:21642246
DOI:10.1164/rccm.201103-0495PP
131. Bouhallier F, Allioli N, Lavial F, Chalmel F, Perrard
MH, Durand P, et al. Role of miR-34c microRNA in
the late steps of spermatogenesis. RNA 2010; 16:72031. PMID:20150330 DOI:10.1261/rna.1963810
132. Beitzinger M, Meister G. Experimental identification of microRNA targets by immunoprecipitation of
Argonaute protein complexes. Methods Mol Biol 2011;
732:153-67; PMID:21431712; DOI:10.1007/978-161779-083-6_12.
133. Beitzinger M, Peters L, Zhu JY, Kremmer E, Meister G.
Identification of human microRNA targets from isolated argonaute protein complexes. RNA Biol 2007; 4:7684; PMID:17637574; DOI:10.4161/rna.4.2.4640.
134. Ji Q, Hao X, Meng Y, Zhang M, Desano J, Fan
D, et al. Restoration of tumor suppressor miR-34
inhibits human p53-mutant gastric cancer tumorspheres. BMC Cancer 2008; 8:266; PMID:18803879;
DOI:10.1186/1471-2407-8-266.
135. Burlacu A. Regulation of apoptosis by Bcl-2 family proteins. J Cell Mol Med 2003; 7:249-57;
PMID:14594549; DOI:10.1111/j.1582-4934.2003.
tb00225.x.
136. Weinberg RA. The retinoblastoma protein and cell
cycle control. Cell 1995; 81:323-30; PMID:7736585;
DOI:10.1016/0092-8674(95)90385-2.
137. Chen HC, Chen GH, Chen YH, Liao WL, Liu CY,
Chang KP, et al. MicroRNA deregulation and pathway
alterations in nasopharyngeal carcinoma. Br J Cancer
2009; 100:1002-11; PMID:19293812; DOI:10.1038/
sj.bjc.6604948.
138. He L, He X, Lim LP, de Stanchina E, Xuan Z,
Liang Y, et al. A microRNA component of the p53
tumour suppressor network. Nature 2007; 447:1130-4;
PMID:17554337; DOI:10.1038/nature05939.
139. Bommer GT, Gerin I, Feng Y, Kaczorowski AJ, Kuick R,
Love RE, et al. p53-mediated activation of miRNA34
candidate tumor-suppressor genes. Curr Biol 2007;
17:1298-307; PMID:17656095; DOI:10.1016/j.
cub.2007.06.068.
140. Cannell IG, Bushell M. Regulation of Myc by miR34c: A mechanism to prevent genomic instability? Cell Cycle 2010; 9:2726-30; PMID:20603603;
DOI:10.4161/cc.9.14.12182.

141. Meyer N, Penn LZ. Reflecting on 25 years with MYC.
Nat Rev Cancer 2008; 8:976-90; PMID:19029958;
DOI:10.1038/nrc2231.
142. Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signaling: cell fate control and signal integration in development. Science 1999; 284:770-6; PMID:10221902;
DOI:10.1126/science.284.5415.770.
143. Welch C, Chen Y, Stallings RL. MicroRNA-34a functions as a potential tumor suppressor by inducing apoptosis in neuroblastoma cells. Oncogene 2007; 26:501722; PMID:17297439; DOI:10.1038/sj.onc.1210293.
144. Helin K. Regulation of cell proliferation by the E2F
transcription factors. Curr Opin Genet Dev 1998;
8:28-35; PMID:9529602; DOI:10.1016/S0959437X(98)80058-0.
145. Luo L, Kessel M. Geminin coordinates cell cycle and
developmental control. Cell Cycle 2004; 3:711-4;
PMID:15153800; DOI:10.4161/cc.3.6.941.
146. Pitulescu M, Kessel M, Luo L. The regulation of embryonic patterning and DNA replication by geminin. Cell
Mol Life Sci 2005; 62:1425-33; PMID:15870955;
DOI:10.1007/s00018-005-4553-1.
147. Zhu W, Depamphilis ML. Selective killing of cancer cells
by suppression of geminin activity. Cancer Res 2009;
69:4870-7; PMID:19487297; DOI:10.1158/00085472.CAN-08-4559.
148. Lim JW, Hummert P, Mills JC, Kroll KL. Geminin
cooperates with Polycomb to restrain multi-lineage
commitment in the early embryo. Development
2011; 138:33-44; PMID:21098561; DOI:10.1242/
dev.059824.
149. Glozak MA, Seto E. Histone deacetylases and cancer. Oncogene 2007; 26:5420-32; PMID:17694083;
DOI:10.1038/sj.onc.1210610.
150. Markey M, Berberich SJ. Full-length hdmX transcripts decrease following genotoxic stress. Oncogene
2008; 27:6657-66; PMID:18711402; DOI:10.1038/
onc.2008.266.
151. Miller KR, Kelley K, Tuttle R, Berberich SJ. HdmX
overexpression inhibits oncogene induced cellular senescence. Cell Cycle 2010; 9:3376-82; PMID:20724842;
DOI:10.4161/cc.9.16.12779.
152. Trusolino L, Bertotti A, Comoglio PM. MET signalling: principles and functions in development, organ
regeneration and cancer. Nat Rev Mol Cell Biol
2010; 11:834-48; PMID:21102609; DOI:10.1038/
nrm3012.
153. Buechner J, Tomte E, Haug BH, Henriksen JR, Lokke
C, Flaegstad T, et al. Tumour-suppressor microRNAs
let-7 and mir-101 target the proto-oncogene MYCN
and inhibit cell proliferation in MYCN-amplified
neuroblastoma. Br J Cancer 2011; 105:296-303
PMID:21654684; DOI:10.1038/bjc.2011.220.
154. Liu T, Liu PY, Marshall GM. The critical role of
the class III histone deacetylase SIRT1 in cancer.
Cancer Res 2009; 69:1702-5; PMID:19244112;
DOI:10.1158/0008-5472.CAN-08-3365.
155. Marasa BS, Srikantan S, Martindale JL, Kim MM, Lee
EK, Gorospe M, et al. MicroRNA profiling in human
diploid fibroblasts uncovers miR-519 role in replicative senescence. Aging (Albany NY) 2010; 2:333-43;
PMID:20606251.

©201
1L
andesBi
os
c
i
enc
e.
Donotdi
s
t
r
i
but
e.

2882

Cell Cycle	Volume 10 Issue 17

