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miR-10 in development and cancer

AH Lund*,1

The microRNA (miRNA) miR-10 family has attracted attention because of its conservation and the position of the miR-10 genes
within the Hox clusters of developmental regulators. In several species, miR-10 is coexpressed with a set of Hox genes and has
been found to regulate the translation of Hox transcripts. In addition, members of the miR-10 family are de-regulated in several
cancer forms. Aside from acting in translational repression, miR-10 was recently found to bind a group of transcripts containing
a terminal oligo-pyrimidine (TOP) motif and to induce their translation, thereby adding a new function to the miRNA repertoire.
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With the discovery of small ncRNAs, such as microRNAs
(miRNAs), a new group of gene expression regulators came
into play. Over the last years, scientists from very diverse
fields of biomedical and life sciences have undertaken the
huge effort to elucidate the functions of these thousands of
new regulatory molecules and place them into cellular
pathways. The miR-10 family constitutes a particularly
fascinating case because the miR-10 genes have been
retained within the Hox cluster of developmental regulators
over the course of evolution. As miR-10 has also been found
to targetHox transcripts in several species, it is likely that miR-
10 family members play important roles during the develop-
ment. In addition, miR-10 family members are de-regulated in
several types of cancer, but it is still largely unclear if miR-10 is
causally related to cancer initiation or progression. Although
repression of HOXD10 has been suggested to account for a
role for miR-10b in breast cancer metastasis,1 an alternative
model suggests that miR-10 may facilitate cancer by regulat-
ing ribosome biogenesis.2 In this review, I summarise the
knowledge of miR-10 with respect to Hox gene regulation and
cancer and discuss some of the outstanding issues to be
addressed in the future.

miR-10 and Hox gene regulation

Hox genes encode highly conserved transcription factors
characterized by the presence of a homeobox domain
capable of binding to DNA.3 The Hox genes play crucial roles
during development and are key determinants for correct
anterior–posterior patterning of the body axis.3 Hox genes
reside in genomic clusters and the temporal and spatial
pattern of Hox gene expression is correlated to the genomic
position within the cluster, a property coined colinearity.3 The
Hox clusters produce several types of ncRNAs,4,5 including
miRNAs, exemplified by miR-10 and miR-196 in mammals.6

Whereas a common bilaterian ancestor is thought to have had
a single Hox cluster (as is still the case in the fly), two
duplication events over the course of evolution have resulted
in the presence of four paralogous Hox clusters in mammals,
containing five miRNA genes: miR-10a, miR-10b, miR-196a-
1, miR-196a-2 and miR-196b7 (Figure 1a). Consequently, the
miR-10 family is widely conserved with orthologs present in
both the fly8 and the worm9 (Figure 1b). In mammals,miR-10a
resides upstream from Hoxb4 and miR-10b upstream from
Hoxd4, relative to the transcriptional orientation of the cluster.
In addition, three miRNA encoded outside the Hox clusters,
miR-99a/b and miR-100, are highly homologous to miR-10a/b
and may have overlapping targets despite a difference within
the seed region (Figure 1c). In nematodes, theHox cluster has
disintegrated over the course of evolution10 and although the
Caenorhabditis elegans ortholog of miR-10, miR-57, has the
same seed sequence as miR-10, it is not predicted to target
Hox transcripts.11 The Drosophila miR-10 constitutes a
particularly interesting example of Hox gene regulation by
miR-10. The fly miR-10 is located in the Antennapedia Hox
cluster and themature miR-10 strand is predicted to target the
neighbouring Hox gene, Sex combs reduced (Scr).12,13

However, the flymiR-10 hairpin produces twomaturemiRNAs
and the miR-10*, which is expressed to much higher levels
than miR-10, is also predicted to target Hox cluster
transcripts,14,15 thereby reinforcing the notion of miR-10 as
an integral regulator of Hox expression. The conserved
position of miR-10 within the Hox gene clusters is intriguing
and indicates a requirement for the same cis-regulatory
elements that regulate theHox genes. This notion is sustained
by an observed pattern of miR-10 andHox gene coexpression
during the development, where the miR-10 genes are
transcribed in the same orientation as the Hox genes
and display expression boundaries typical for Hox gene
expression.16,17
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There is good evidence from several species that miR-10
targets Hox gene transcripts. Bioinformatics algorithms
predict 3–4 Hox gene targets for the miR-10 family18,19

(Figure 1a). An analysis based on TargetScan predictions of
miRNAs targeting Hox genes showed that when considering
all the predicted miRNA-binding sites inHox genes, belonging
to the 73 highly conservedmiRNA families, miR-10 ranks third
and the miR-10-related miRNA family miR-99/100 ranks
second only surpassed by miR-196 – the other miRNA family
encoded in the Hox clusters.11 In accordance with the
bioinformatics predictions, several human HOX transcripts
have been experimentally validated as miR-10 targets,
including HOXA1, HOXA3 and HOXD101,20,21 (Figure 1a).
Aside from Hox transcripts, miR-10 has also been shown to
regulate USF2,22 Ran,2 Pbp12 and a set of ribosomal protein
mRNAs,2 as discussed below. In zebrafish, miR-10 is
represented by five paralogs and they have been shown to
target HoxB1a and HoxB3a.16 Furthermore, overexpression
of miR-10 in zebrafish embryos induce phenotypic changes
similar to the loss of HoxB1a and HoxB3a.16

miR-10 deregulation in cancer

Several papers have reported of deregulation ofmiR-10 family
members in human cancers, and miR-10a resides in a region
amplified in melanoma and breast cancer23 (Table 1). In the
haematopoietic system, miR-10a is normally expressed in
CD34þ cells,24 and in vitro differentiation of CD34þ cells into
megakaryocytes is accompanied by amarked decrease in the
levels of both miR-10a and miR-10b.20 In accordance, levels
of miR-10a are markedly higher in haematopoietic stem cells
than in peripheral blood lymphocytes,25 perhaps reflecting a
role for miR-10a in stem or progenitor cells. In haematological

cancer cell lines as a group, miR-10a is found down-
regulated,26 and miR-10a was reported to be downregulated
in chronicmyeloid leukaemia22 and acutemyeloid leukaemia,27

in comparison to CD34þ cells. Although this apparent
deregulation of miR-10a in chronic myeloid leukaemia and
acute myeloid leukaemia may represent cancer-specific
changes, it could also reflect a general downregulation of
miR-10 during differentiation.
Conversely, miR-10b is upregulated in B-cell chronic

lymphocytic leukaemia relative to normal CD5þ cells.28 In
addition, noteworthy is the marked overexpression of both
miR-10a,miR-10b andmiR-100 in the subset of acutemyeloid
leukaemias carrying mutations in the nucleophosmin gene,
NPM1.29 In fact, the three miR-10 family members come out
as the top three upregulated miRNAs in this tumour subset,29

suggesting a causal relation to NPM1 mutations. Nucleo-
phosmin is a ubiquitously expressed, multifunctional protein
that shuttles between the nucleus and cytoplasm, and the
gene is mutated in B30% of adult acute myeloid leukaemias
because of mutations or translocations.30,31 Interestingly,
amongst its many functions, nucleophosmin is involved in the
ribosome biogenesis.30,32 Given the function proposed for
miR-10a in translational regulation of ribosomal proteins
(RPs) and ribosome biogenesis (discussed below), it is
tempting to speculate that overexpression of miR-10 family
members constitutes a compensatory mechanism in acute
myeloid leukaemias carrying NPM1 mutations.
Both miR-10a and miR-10b have been found to be

upregulated in glioblastoma and anaplastic astrocytomas, in
some cases reaching more than a 100-fold overexpres-
sion.26,33,34 In primary hepatocellular carcinomas both
miR-10a and miR-100 are overexpressed, when compared
with the levels in normal liver,35 and both miR-10b, miR-99 and

miR-10a UACCCUGUAGAUCCGAAUUUGUG
miR-10b UACCCUGUAGAACCGAAUUUGUG
miR-99a AACCC GUAGAUCCGAUCUUGUG
miR-99b CACCC GUAGAACCGACCUUGCG
miR-100 AACCC GUAGAUCCGAACUUGUG

Human miR-10a UACCCUGUAGAUCCGAAUUUGUG
Mouse       miR-10a UACCCUGUAGAUCCGAAUUUGUG
Rat         miR-10a UACCCUGUAGAUCCGAAUUUGUG
Zebrafish  miR-10a UACCCUGUAGAUCCGAAUUUGUG 
Drosophila miR-10 ACCCUGUAGAUCCGAAUUUGU 
Daphnia miR-10 ACCCUGUAGAUCCGAAUUUGU 
C. elegans miR-57 UACCCUGUAGAUCGAGCUGUGUGU

HoxA 1 2 3 4 5 6 7 9 10 11 13

HoxB 1 2 3 4 5 6 7 8 9 13

HoxC 4 5 6 8 9 10 11 12 13

HoxD 1 3 4 8 9 10 11 12 13

10b

10a 196a-1

196b
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Transcriptional orientation

Figure 1 (a) microRNAs encoded by the Hox cluster. The mammalian Hox cluster encodes miR-10 and miR-196 family members. The arrows indicate predicted Hox
targets based on TargetScan and Pictar predictions (dotted line) and experimentally verified Hox targets for miR-10 (solid line) in mammals. See text for details and references.
(b) Alignment of miR-10 representatives from seven species. (c) Homology among mammalian miR-10 family members
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miR-100 are upregulated in pancreatic cancer as compared
with normal pancreas.36 Furthermore, miR-10a was found
overexpressed in colon cancer as compared with normal
colon tissue.37 In a debated paper, miR-10b was found to be
highly expressed in metastatic breast cancer cell lines relative
to non-metastatic cell lines, and ectopic overexpression of
miR-10b in non-metastatic cell lines was shown to promote
tumour invasion andmetastasis in a xenograft mousemodel.1

The mechanism suggested involves translational repression
of HOXD10 by miR-10b, resulting in upregulation of the
invasion-promoting GTPase RHOC. The paper also reported
of a moderate overexpression of miR-10b in a subset of
primary tumour samples from patients with metastatic breast
cancer, and the authors1 concluded that miR-10b plays a part
in the processes of metastasis, rather than in cancer initiation
per se. This paper has since been challenged by a study
analysing a large cohort of patients with breast cancer, in
which no correlation could be found between the miR-10b
expression levels and the development of distance
metastasis.38

miR-10 on TOP

An unexpected role for miR-10 family members was shown
when miR-10a was identified as a regulator of ribosome
biogenesis and consequently global protein production.2 The
involvement of miR-10a in the translational regulation of RPs
was discovered in an unbiased forward analysis of mRNAs
associating with miR-10a. Although most validated miRNA
targets have been identified using miRNA overexpression or
inhibition followed by expression array analyses,39–41 or have
been cherry picked from lists of predicted targets,18,19,42,43 both
of these approaches have critical drawbacks. As an unknown
number of mRNA targets are regulated exclusively at the level
of translational repression without affecting mRNA stability,
these are often missed in expression array-based approaches.
Bioinformatics predictions of miRNA targets, based primarily
on evolutionary conservation of sequence motifs in the 30-UTR
matching the miRNA seed regions, have to a large extent
driven the miRNA research field forward by providing testable
hypotheses for the experimentalists.18,19,42,43 However, the
algorithms generate a high rate of false positives and false
negatives and are still founded on relatively small sets of
experimental data focusing either on highly expressedmiRNAs
or employing miRNA overexpression.

We devised an affinity purification method, in which miRNA
targets are identified from miRNA/mRNA complexes isolated
on streptavidin beads after transfection of cells with a biotin-
labelled miRNA.44 For miR-10a, a specific set of transcripts
was isolated frommouse embryonic stem cells, of which more
than 60% of the mRNAs encoded factors involved in
translation or translational regulation, mostly RPs.2 Interest-
ingly, the binding site for miR-10 was mapped biochemically
and genetically to the 50-UTR, just downstream from the
50-terminal oligo-pyrimidine (TOP) motif found in many RPs
and translational regulators. Where most mRNAs have an
A residue immediately after the cap structure, TOP mRNAs
initiate with a C followed by a stretch of 4–14 uninterrupted
pyrimidines (reviewed in Hamilton et al.45 and Meyuhas
et al.46). TOP mRNAs comprise of RPs, elongation factors
and other proteins associated with the translational apparatus
and they form part of a cellular sensory mechanism by
responding to a range of physiological stimuli. In the event of
stresses, such as amino acid starvation, TOP mRNAs are
selectively repressed at the level of translation.45,46 The
upstream regulatory pathways regulating TOP translation
involves the phosphatidylinositol 3-kinase (PI3K) and mTOR
pathways,47,48 and several RNA-binding proteins have been
proposed to regulate the translation of TOP mRNAs.49–51

However, the exact mechanism and wiring of upstream
pathways is still largely unresolved.
We showed that the regulation of several TOP mRNAs is

dependent on miR-10a and that ectopic expression of miR-
10a can alleviate TOP repression in the face of amino acid
starvation, thereby providing a novel link between miRNAs
and translational regulation.2 The binding of miR-10a to the
50-UTR of TOP mRNAs is atypical, in that it does not involve
complete base pairing of the seed region. Although this has
been noted for several other miRNAs,13,52,53 the bulk amount
of available data sustain the notion that base pairing of the
miRNA seed region is a major determinant for target
recognition and repression.54 However, the ability of miR-10
to induce translation is not dependent on the absence of
complete seedmatch, as an Rps16 50-UTR vector engineered
to have a perfect seed match is still translationally induced
(UA Ørom and AH Lund, unpublished observation).
Surprisingly, the binding of miR-10a resulted in a modest

increase in the translation of RPs, as evident from both
analysis of newly synthesised endogenous RPs and hetero-
logous reporter assays.2 Whereas the vast majority of miRNA

Table 1 Deregulation of miR-10 family members in cancer

Cancer type miR-10 family member Regulation References

Glioblastoma miR-10a, miR-10b Upregulation Gaur et al.26, Silber et al.33,
Ciafre et al.34

Hepatocellular carcinomas miR-10a, miR-100 Upregulation Varnholt et al.35

Pancreatic cancer miR-10b, miR-99 and miR-100 Upregulation Bloomston et al.36

Colon cancer miR-10a Upregulation Volinia et al.37

Breast cancer (metastasis) miR-10b Upregulation Ma et al.1

Acute myeloid leukaemia with NPM1 mutations miR-10a, miR-10b, miR-100 Upregulation Garzon et al.29

B-cell chronic lymphocytic leukaemia miR-10b Upregulation Calin et al.28

Melanoma miR-10a Gene amplification Zhang et al.23

Breast cancer miR-10a Gene amplification Zhang et al.23

Chronic myeloid leukaemia miR-10a Downregulation Agirre et al.22

Acute myeloid leukaemia miR-10a Downregulation Jongen-Lavrencic et al.27
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research papers have shown translational repression, only
few examples of miRNA-mediated induction of translation
have been reported. In hepatitis C virus, the liver-specific
miR-122 binds the viral 50-UTR and plays an important role in
viral replication.55 In addition, a recent report documented that
binding of miR-122 also stimulates translation of the viral
mRNA.56 Furthermore, translational activation was reported
for both natural and artificial miRNAs during cell cycle
arrest.57,58 In the latter case, translational upregulation was
dependent on Ago2 and the RNA-binding protein FXR1,57 but
so far little mechanistic insight has been provided for miRNA-
mediated translational stimulation. Although miR-10a effi-
ciently precipitates Ago2 from mouse embryonic stem cells, it
is unclear to what extend Ago2 associates with TOPmRNAs.2

It is, however, interesting to note that Argonaute proteins were
originally described as enhancers of translation.59,60 Hence,
miRNA-mediated translational induction may involve an
alternative translational mechanism.
Importantly, the miR-10a-mediated increase in the transla-

tion of RPs (and presumably other TOP mRNAs) resulted in
an increase in the synthesis of mature rRNA and in a 30%
overall enhanced protein production. Conversely, inhibition of
miR-10a resulted in a 40% drop in global protein production.2

This effect of miR-10a on global protein production could
explain the upregulation of miR-10 family members in several
forms of cancer. Towards establishing a causal link between
miR-10a and cancer, we showed that miR-10a can influence
the capacity of NIH-3T3 cells overexpressing oncogenic
RAS-V12 to undergo transformation.2 In these experiments,
cells transfected with miR-10a transformed more readily, as
measured by their ability to form colonies in soft agar assays,
than mock transfected cells and introduction of a miR-10a

inhibitor significantly reduced the number of transformed
colonies. Similar results were obtained using a human
glioblastoma cell line and in primary human astrocytes
artificially transformed by the introduction of hTERT/RAS-
V12/E6 and E7, indicating a broader, conserved mechanism
(UA Ørom & AH Lund, unpublished data).
Hence, the level of miR-10a affects the capacity of cells to

undergo oncogenic transformation. In normal cells, the
translational machinery is tightly controlled, in part through
controlled translation of RPs, and mechanisms to hijack the
translational apparatus are likely required for cancer to
develop.61 Accordingly, RPs are found deregulated in
cancer,62,63 and individual translation factors may directly
promote cellular transformation.64,65 The importance of
translational control is also underlined by the fact that major
tumour suppressors, such as p14ARF p53, RB and PTEN,
negatively regulate ribosome biogenesis,66–69 whereas onco-
genes, such as MYC and NMYC, bind and activate a large
group of genes involved in translation, including genes for
rRNA, RPs and other translation cofactors.70–72 Interestingly,
the effect of p14ARF on ribosome biogenesis depends, at least
in part, on the direct binding of p14ARF to nucleophosmin.69 As
mentioned above, patients with acute myeloid leukaemias
containing nucleophosmin mutations have upregulated
several miR-10 family members,29 suggesting that miR-10
can rescue defective ribosome biogenesis in cells harbouring
mutated nucleophosmin. Interestingly, the nucleophosmin
transcript is also believed to be TOP regulated.46 On the basis
of the identification of RPs as targets for miR-10a-mediated
translational stimulation, a role for miR-10 in cancer can be
envisioned, in which miR-10 act as an important regulator of
ribosome biogenesis to facilitate transformation (Figure 2).

Figure 2 Control of global translation. Ribosome biogenesis is under transcriptional, post-transcriptional and translational control through several mechanisms including
major oncogene and tumour suppressor pathways. Through regulating the translation of RPs, miR-10 affects ribosome biogenesis and may thereby influence cellular
transformation
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According to this model, miR-10, or a functionally similar
mechanism, is required to grant the cancer control of the
translational apparatus without acting as a classical oncogene
(pro-proliferative, anti-apoptotic and so on). miR-10 would
thereby constitute a target for anticancer therapy.

Outlook

Although the first miRNA was identified in the worm already in
1993,73 miRNA have only been intensely studied since their
rediscovery in 20018,9,74 and much awaits elucidation. For
miR-10, no mouse models have been published, which would
be pivotal in addressing the role of miR-10 in development and
differentiation. Such studies could be complicated by the
existence of several miR-10 family members possibly result-
ing in genetic redundancy. In addition, both knockout and
transgenic models will be important to explore the functional
importance of miR-10 in cancer. Very little is known about
which regulatory networks miR-10 participates in, and so far
TWIST1 is the only direct regulator published for miR-10.1 An
important future task will therefore be to identify regulatory
pathways operating upstream of miR-10 and to obtain a
comprehensive picture of miR-10 targets in different cell
types. In addition, the mechanism behind miR-10-mediated
translational induction of TOPmRNAs is completely unknown
and is currently under study in several laboratories.
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