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ABSTRACT

The microRNA (miR)183 cluster, which is comprised
of miRs-183, -96 and -182, is also a miR family with se-
quence homology. Despite the strong similarity in the
sequences of these miRs, minute differences in their
seed sequences result in both overlapping and dis-
tinct messenger RNA targets, which are often within
the same pathway. These miRs have tightly synchro-
nized expression during development and are re-
quired for maturation of sensory organs. In compar-
ison to their defined role in normal development, the
miR-183 family is frequently highly expressed in a
variety of non-sensory diseases, including cancer,
neurological and auto-immune disorders. Here, we
discuss the conservation of the miR-183 cluster and
the functional role of this miR family in normal de-
velopment and diseases. We also describe the reg-
ulation of vital cellular pathways by coordinated ex-
pression of these miR siblings. This comprehensive
review sheds light on the likely reasons why the ge-
nomic organization and seeming redundancy of the
miR-183 family cluster was conserved through 600
million years of evolution.

INTRODUCTION

In the past decade, microRNAs (miRs) have emerged
as important players in RNA interference-mediated post-
transcriptional gene regulation. The canonical role of miRs
is to bind the 3′ untranslated region (UTR) of target mes-
senger RNAs (mRNAs) via a complementary nucleotide
seed sequence to reduce mRNA stability and/or suppress
protein translation (1). miRs may be transcribed from in-
dividual genes or as clusters (2). A cluster of miRs is de-
fined as several miR genes located adjacent to each other
on the chromosome, which are transcribed as one long pri-

mary miR (pri-miR) transcript and then processed into the
individual precursor miRs (pre-miRs) (3). The genomic or-
ganization of miRs in a cluster may serve to protect it from
degradation as the secondary structure of a longer pri-miR
is complex with numerous hairpins that stabilize the RNA
(4). miR clusters range from <100 base pairs (bp) to 50
kilobases (kb) (3,4), and are often transcribed by a com-
mon promoter (5,6). miRs within a cluster are often, but
not always, paralogous with high sequence homology, in-
dicating that they may be the result of genomic duplica-
tions (7,8). High sequence homology between the miRs in
a cluster classifies them as a family and permits both com-
mon and unique mRNA targets. Frequently, these mRNA
targets lie within the same pathway, thereby allowing these
miRs to have regulatory control over several components
of a cellular process. Consistent with this role for miR clus-
ters, several clusters have been found to be essential for nor-
mal development and disease pathology (9–17). For exam-
ple, miR-17–92, one of the most extensively studied miR
clusters, is necessary for normal skeletal development and
was the first human miR oncogene or ‘oncomiR’ identified
(6,18–21).

In this review, we discuss the characteristics and functions
of the highly conserved miR-183 cluster, which is comprised
of paralogous miRs-183, -96 and -182 (22,23). We begin
with the discovery of the miR-183 cluster, its genomic orga-
nization and conservation. Normal functions of these miRs
in development as well as dysregulation of the members of
the miR-183 family in disease are discussed. Lastly, we inte-
grate the targets of these miRs and the transcription factors
that regulate the miRs into pathways and discuss regulation
of vital processes by the miR-183 family members.

Discovery of the miR-183 cluster and structural organization

The first human miR of the cluster to be identified was miR-
96, which was immunoprecipitated along with ribosomes in
a screen for ribosome-interacting small RNAs in the HeLa
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human cancer cell line (24). miRs-182 and -183 were iden-
tified in 2003 by separate groups; Lim et al. identified the
miRs via bioinformatic comparison of human and mouse
RNAs to the genome of Fugu rubripes (Japanese puffer-
fish) (25) and Lagos-Quintana et al. observed these miRs as
highly expressed in the murine retina during development
(26). miRs-182 and -183 were classified as a cluster due to
their co-expression in retina and chromosomal proximity
to each other (26). miR-96 was subsequently determined to
be part of this cluster due to its sequence homology to and
chromosomal location between miRs-183 and -182 (27,28)
(Figure 1A).

The polycistronic nature of the miR-183 cluster was
demonstrated by 5′ Rapid Amplification of cDNA Ends
(RACE) of the murine pri-miR-183 cluster transcript in
murine retina (27). The secondary structure of the( Homo
sapiens (hsa)-pri-miR-183–96–182 [using Mfold RNA fold-
ing software (29–31)] places the three pre-miRs in close
proximity despite the >4 kb span between pre-miRs-96 and
-182 (Figure 1B). The pri-miR-183–96–182 structure also
contains multiple other hairpins which may increase RNA
stability (4). The three trimmed pre-miRs (Figure 1B) are
structurally different, though the mature miRs-183, -96 and
-182 have near identical seed sequences (Figure 2A). A sin-
gle base difference in the seed sequence of miRs-96 and -
182 is essential for its mRNA target specificity as shown by
differential regulation of glypican-1 and glypican-3 mRNA
(32,33). There is at least one more non-conserved paralog
in the miR-183 family, miR-1271, which is located on hu-
man chromosome 5q35 and has mRNA targets similar to
miR-96 (34).

Conservation of the miR-183 cluster

The sequence homology of miRs-183, - 96 and -182 and
the conservation of their genomic organization as a clus-
ter in bilaterian organisms indicates an evolutionary advan-
tage to retaining this microRNA cluster (Figure 2). Next-
generation deep sequencing and comparative genomics
have revealed that the miR-183 cluster can be evolution-
arily traced back ∼600 million years ago to protostomes
and deuterostomes (22,35–39) (Figure 2B). Although the
chromosomal order of miR-183, -96, -182 is conserved in
deuterostomes, their location and the intergenic spacing be-
tween the miR genes vary between species (Figure 2C, (40–
44). In humans the cluster is located on chromosome 7, with
a 4.2 kb intergenic region between miRs-96 and -182. How-
ever, the murine miR-183 cluster is located on chromosome
6 with 3.6 kb between miRs-96 and -182. In lower organ-
isms, the spacing between the miRs is shorter with the ex-
ception of the sea urchin in which the genomic region from
miR-183 to -182 is the longest of all at 5122 bp. The conser-
vation of this intergenic region between miRs -96 and -182
suggests that it contains important regulatory and/or struc-
tural elements.

The miR-183 cluster in normal cells and development

The functions of the miR-183 family members in normal
cells and during development have been described in spe-
cific organs and emphasize a role in sensory organ de-

velopment (22,26,45–49). Expression of the miR-183 clus-
ter (or orthologs) is necessary for sensory/ mechanosen-
sory organ development in Danio rerio (zebrafish) (45,47),
Mus musculus (mice) (48), Drosophila melanogaster (22,49)
and Caenorhabditis elegans (22). The miR-183 family is ex-
pressed at high levels specifically in the nose, ear, retina and
cranial and dorsal root ganglions of zebrafish embryos as
early as 72 hours post fertilization (45) as detected by in situ
hybridization. In the mouse embryo expression of the miR-
183 family was highest in the eye (26). Another murine study
showed miR-182 and -183 expression was confined to the
placenta and day 9.5 embryo, respectively (50).

The miR-183 family is involved in auditory development
(28). Spatial and temporal expression analyses in the murine
auditory apparatus showed that the levels of the miR-183
family correlated with the functional maturation of the in-
ner ear (51). miR-96 was further implicated in hearing in the
diminuendo (DMDO) mouse model of deafness, in which a
functional mutation in the seed sequence of miR-96 (A>T
substitution) was identified (52,53). The DMDO mice have
progressive hearing loss and obstructed development of
inner/outer cochlea hair cells (53). Further supporting a
role for this family in the ear, miRs-96 and miR-182 pro-
mote hair cell fate in the inner ear in zebrafish (47) and it
is postulated that these miRs target mRNAs in a concerted
manner in hair progenitor cells, thereby switching these cells
into a differentiated hair cell fate (54). Moreover, miR-183
cluster null mice showed significant vestibular defects that
resulted in abnormal gate (48).

There are high levels of the miR-183 family members in
the murine olfactory bulb and the eye (55). The miRs are
especially highly expressed in the retinal photoreceptors,
bipolar and amacrine cells of normal adult mouse tissues
(27) and these miRs are light-responsive in the retina (56).
Mature miRs-183, -96 and -182 decayed rapidly during dark
adaptation and transcription of the miRs increased during
light adaptation (56). This flux in the levels of the miR-183
family members influenced neurotransmitter removal by di-
rect regulation of the voltage dependent glutamate trans-
porter, SLC1A1, thereby showing that light adaptation-
dependent miR expression affects neuronal metabolism
(56). In addition to the auditory phenotype described above,
the miR-183 cluster null mice exhibit retinal defects and
have progressive retinal degeneration (48).

The miR-183 family is expressed in normal human em-
bryonic stem cells (ES) (57,58) and benign adult human
prostate epithelial cells (59). In ES cells, temporal reduction
of miR-183 family levels at day 10 was essential for epider-
mal differentiation to neuroectodermal precursors as this
differentiation was blocked by overexpression in the miRs
(58). In benign human prostate epithelial cells, the miR-
183 family regulated zinc homeostasis via regulation of sev-
eral zinc transporters, which is essential for normal prostate
physiology as the healthy prostate accumulates zinc 10-fold
higher than other organs (59).

Pathways regulated by the miR-183 family in normal cells.
Regulation of circadian rhythm by the miR-183 family has
been shown in multiple organisms (27,60–61) and may con-
tribute to the conservation of these miRs through evolution
(62). The individual miR-183 family members regulate sev-
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Figure 1. Genomic organization and structure of the human miR-183 cluster. (A) University of California, Santa Cruz (UCSC) genome browser (170)
snapshot of the hsa-miR-183 cluster (miRs-183, -96, -182) on assembly Human Feb. 2009 (GRCh37/hg19). (B) Secondary structures of hsa-pri-miR-183–
96–182, hsa-pre-miR-183, -96 and -182 as predicted by Mfold RNA folding software (29). The mature 5′ miR sequence is highlighted in grey.

eral genes within this pathway to provide both redundant
and complementary regulation of circadian rhythm. Diur-
nal changes in dme-miR-263a and -263b, D. melanogaster
orthologs of the miR-183 cluster, occurred in wild type flies,
but expression of these miRs was diminished in arrhythmic
clock mutant cyc01 (62). In the adult mouse retina, the lev-
els of these miRs follow a circadian variation in their ex-
pression levels, with the miR levels being ∼2-fold higher
during zeitberg time (ZT) 17 (midnight) compared to ZT
5 (noon time) (27). The putative promoter region of the
miR-183 cluster has numerous predicted binding sites for
transcription factors responsible for maintaining the cir-
cadian rhythm in the eye (27). Clock, Mitf and Adcy6,
which are regulators of circadian rhythm, are luciferase-
validated targets of miR-182 (Clock, Mitf) (63) and miR-
96 (Adcy6) (27). In the zebrafish, miR-183 directly targeted
e4 binding protein 4–6 (e4bp4–6) and arylalkylamine N-
acetyltransferase 2 (aanat2), both of which regulate circa-
dian rhythm (61). Temporal regulation of the miR-183 clus-
ter was also shown by miR profiling in the rat pineal gland
in which these miRs remarkably represented ∼42% of the
entire microRNA population at ZT7 (midday) (60,61) and
were very low at ZT19 (midnight), thus underscoring a sig-
nificant role for these miRs in circadian regulation.

Other than the genes involved in circadian rhythm, there
are few defined targets of the miR-183 family members in
normal development. Although there are robust sensory
phenotypes as a consequence of loss of the miR-183 family
(47–48,52), the direct mRNA targets are not yet identified.

The miR-183 cluster and human disease

Individual and multiple members of the miR-183 family are
frequently identified by profiling studies as having aberrant
expression in cancers and other diseases. In contrast to the
seemingly sensory-specific role of these miRs in normal de-
velopment discussed above, the miR-183 family does not
appear to be expressed at high levels in most non-sensory
adult tissues. However, high levels of the miR-183 cluster
members have been observed in pathologic conditions of
neurons, autoimmunity and a wide variety of malignancies.
Research into the role of the miR-183 family in in vitro and
in vivo models of these diseases has provided insight into
pathways important for disease.

Auto-immune disorders. The miR-183 cluster members
may contribute to the pathogenesis of systemic lupus ery-
thematosus (SLE) (64,65) and two rare uveal auto-immune
genetic syndromes (66). Three different mouse models of
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Figure 2. Conservation of the miR-183 cluster over 600 million years. (A) Sequence homology of the hsa-miR-183 family. (B) Phylogenetic tree of the miR-
183 family created using the NCBI taxonomy browser (36,37). Sequences for the miRs were obtained from MirMaid (38) and miRbase (40–44). Tcoffee
alignment software (39) was used to generate the sequence homology image. (C) Intergenic spacing of the miR-183 cluster using chromosomal location
data obtained from miRBase.

SLE (64) showed increased splenic levels of the miR-183
family in diseased mice. These miRs may be regulated by es-
trogen and relevant to the increased risk of SLE in women
as female SLE mice and estrogen-treated orchidectomized
mice had significantly higher levels of the miR-183 cluster
compared to intact male SLE or placebo-treated orchidec-
tomized mice (65). In two genetic auto-immune syndromes,
there is a single nucleotide polymorphism (SNP) located
in pre-miR-182, rs76481776 (C→T), that is significantly

associated with both Beçhet and Vogt–Koyanagi–Harada
(VKH) syndromes (66), although the functionality of the
SNP in these diseases is unknown.

Neuronal disorders. Members of the miR-183 family have
been shown to directly reduce neuropathic pain (67–69) and
nerve injury (70) whereas these miRs are disease promoting
in several neurodegenerative disorders (71,72). Intrathecal
treatment of animals with miR-183 (73) or miR-96 (67) re-
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duced pain in a spinal nerve ligation (SNL) rat model of
neuropathic pain and nerve injury, in which the miR levels
decreased in the dorsal root ganglion (DRG) following SNL
(67,74). This effect was mediated by miR-dependent inhibi-
tion of the sodium channel, voltage-gated, type III, alpha
subunit (Nav1.3) (67,73). In a rat model of osteoarthritic
(OA) knee pain (68) the miR-183 family levels were reduced
in diseased animals. On the other hand, miR-182 expression
was rapidly increased and required to stimulate healing af-
ter nerve injury via decreased proliferation and migration of
Schwann cells by directly targeting fibroblast growth factor
9 (FGF9) and neurotrimin (NTM) (70).

In contrast to their healing role in nerve injury and pain,
these miRs may contribute to the symptoms associated with
neurodegenerative diseases. Elevated axonal levels of miR-
183 directly contributed to symptoms in a mouse model
of a neurodegenerative disorder, spinal muscular atrophy
(SMA), as treatment with miR-183 inhibitors improved sur-
vival and motor function in the SMA mice (71). Similarly,
high levels of miR-96 and its paralog miR-1271 were present
in frontal cortexes from patients with Multiple System At-
rophy (MSA) and in mouse models of the disease (72), al-
though the effect of miR inhibitors was not examined in
these studies.

Psychiatric disorders. There are several associations be-
tween psychiatric disorders and single nucleotide poly-
morphisms (SNPs) in the miR-183 cluster or in the 3′
UTR of their target mRNAs. Genome Wide Associa-
tion Studies (GWAS) showed an association between the
rs13212041 sequence variant of the serotonin receptor
1b (HTR1B) and attention-deficit hyperactivity disorder
(ADHD) (75). This variant is in the 3′ UTR of HTR1B
and leads to decreased miR-96 binding and regulation
(76,77). A subsequent case control study identified an as-
sociation of two other SNPs within the miR-183 clus-
ter and ADHD without substance use disorders (75).
The presence of these SNPs, rs2402959T/rs6965643A and
rs2402959C/rs6965643G, gave an odds ratio of 1.25 (P =
0.037) and 1.36 (P = 0.024), respectively, in this large study
with 695 ADHD adults and 485 sex-matched unrelated con-
trols (75).

Depression is also associated with SNPs in miR-183 clus-
ter. The T-allele of the rs76481776 that was associated with
the genetically rare auto-immune disorders (66), is also as-
sociated with clinical depression and late insomnia in pa-
tients (63). This SNP has not yet been shown to be func-
tional, but there is indirect evidence that it may reduce miR-
182 activity, as increased expression of miR-182 mRNA
targets was observed postmortem in isolated dentate gyrus
granule cells from depressed patients with the rs76481776
polymorphism (78). Experimental rat studies also support
that the miR-183 members may be involved in depression.
In a rat model of behavioral depression, known as learned
helpnessness, male rats that did not exhibit learned help-
nessness had reduced levels of several miRs, including all of
the miR-183 cluster members, suggesting that these miRs
alter the transcriptional and molecular landscape during
depression (79).

Cancer. Though global levels of mature miRs are typi-
cally decreased in malignant tissues (80), the miR-183 fam-
ily members are often expressed at high levels in tumors,
implying a gain of function benefit for these miRs during
carcinogenesis. Further supporting an advantage to high
levels of the miR-183 family to cancer cells, allelic imbal-
ance, chromosomal breakpoints and copy number gains
have been detected in the chromosomal region of the miR-
183 cluster in cancers (81–85). While most of the pheno-
types associated with high levels of the miR-183 family
members were consistent with an oncogenic role, there are
also some studies that show tumor suppressor activity, sug-
gesting a context-and/or cell type-dependent phenotype for
the miR-183 cluster in carcinogenesis (86). Here, we draw
attention to examples regarding the miR-183 family mem-
bers in brain, lung, hormonal (prostate and breast) and gas-
trointestinal cancers (summarized in Table 1).

The miR-183 cluster members consistently behave as on-
comiRs and elevated levels of the miRs have been observed
in gliomas (87–90) and medulloblastomas (91,92). Several
studies in medulloblastoma show a connection between
the miR-183 family and the sonic hedgehog (SHH) signal-
ing pathway, which is involved in embryogenesis, and dys-
regulated in medulloblastomas. Ectopic overexpression of
all three miRs in cultured medulloblastoma cells from the
Ptch1+/−/PtenFloxp/+ transgenic mice (Ptch1 is the receptor
for SHH), increased proliferation (93). A relationship be-
tween the miRs and SHH was seen in medulloblastoma pa-
tients, in whom expression of the miR-183 family members
was higher in SHH-negative compared to SHH-positive tu-
mors (94).

There are data to support an oncomiRic role for the clus-
ter in lung cancer. The majority of studies in lung cancer
cell lines show that both miRs-96 and -182 target tumor
suppressor genes and promote cell proliferation, colony for-
mation, migration and invasion (95–100). These miRs are
also detectable in the sera of lung cancer patients and may
potentially serve as prognostic and/or diagnostic mark-
ers (100). There have been two studies that find tumor-
suppressor activities of these miRs in aggressive lung cancer
cell lines. Yang et al. showed that knockdown of miR-182
in H1299 lung cancer cell line increased invasion, migration
and metastatic activity of these cells via decreased levels of
FOXO3 and N-cadherin. (98). Overexpression of miR-183
inhibited invasion and migration in 801D lung cancer cells
and regulated metastasis genes (101). Again this empha-
sizes that the role of the miRs often varies between cell lines,
likely due to differences in the transcriptional landscapes.

All members of the miR-183 cluster are expressed at high
levels in hormonal cancers of the prostate, breast and ovary,
compared to benign tissues (59,102–108). High levels of
miR-182 may provide a growth advantage to prostate tumor
cells as high levels of miR-182 in patient prostate tumors
correlated with poor survival (103), and miR-182 directly
targeted the metastasis suppressor 1 (MIM) to increase pro-
liferation of prostate (103) and breast cancer cells (109,110).
In breast and ovarian cancers, the role of miR-183 has not
been consistent. In normal breast tissue, estrogen treatment
increased miR-183 levels (111), whereas paradoxically the
miR levels were highest in ER-negative breast cancers (106).
As well, overexpression of miR-183 in breast cancer cell
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lines that already have high levels of the miRs, inhibited cell
migration in T47D cells (106), akin to the suppressive effect
of high miR-183 in lung cancer metastasis (101). The data
regarding the role of the miR-183 family in ovarian cancer
cells also indicates context-dependency as in vivo ovarian
cancer cell xenograft growth and metastasis were reduced
by anti-miR-182 expression (112), whereas ectopically ex-
pressed miR-183 inhibited migration, invasion and viability
of ovarian cancer cell lines in vitro (113).

The miR-183 family is highly expressed in colorectal and
hepatocellular carcinonomas (HCC) and typically has on-
comiR activity via inhibition of mRNAs for tumor suppres-
sor genes (114–119). Overexpression and knockdown exper-
iments with individual miR-183 family members have been
shown to promote, migration, proliferation and metastasis
in colon cancer and HCC cells, phenotypes which are fun-
damental to carcinogenesis (116,120–122). miR-182 and -
183 levels were 2-fold higher in colon cancer tissue from
African Americans compared to Caucasian tumor tissue
(123), and therefore may be relevant to health disparities,
although this remains to be explored.

The role for the miR-183 family in gastric and pancreatic
cancers is not clear as they have been shown to be both lower
(124–126) and higher in tumors compared to normal tissues
(127,128). Similarly, opposite phenotypes were observed in
vitro, in which overexpression of miR-182 had both tu-
mor suppressor-like actions (124–126) and oncomiR-like
actions (127). There are also reports on the expression and
function the miR-183 cluster members in other cancers in-
cluding uveal melanoma (129), retinoblastoma (130,131),
sarcomas (132,133), thyroid (134), cervical (135) and en-
dometrial cancers (136–139) that we have not reviewed here.
The miR-183 family expression levels in these cancers are
summarized in Table 1.

Regulation of major cellular pathways in disease by the miR-
183 family

The miR-183 family may have been conserved through evo-
lution to maintain regulation of vital processes as the re-
dundancy in the binding sites may ensure regulation of their
shared mRNA targets. Despite high sequence homology be-
tween these miRs, there are small differences in their se-
quences which have perhaps evolved over time to provide
regulation of distinct mRNA targets often within the same
functional group. To determine pathway cooperativity we
performed detailed pathway enrichment analysis using only
reporter gene-validated direct mRNA targets and the tran-
scription factors that regulate them (Supplementary Table
S1). Our analysis showed common and unique mRNA tar-
gets for the three miRs (140) (Figure 3). The mRNA targets
of the miR-183 family and the miR-183 family-regulatory
transcription factors concentrate in specific pathways (Fig-
ure 4, Supplemental Tables S1 and S2) (141), which are fur-
ther described here.

Apoptosis. Most of the findings to date report the func-
tion of the miR-183 family is that of a regulator of apopto-
sis in cancer. Apoptosis, or programmed cell death, can be
initiated by several intrinsic and extrinsic pathways, and is
vital to maintaining healthy cell populations during or af-
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Figure 3. Network and Venn diagram of validated mRNA-targets of the miR-183 cluster shows overlapping and distinct messenger RNA targets. Network
diagram was generated in Cytoscape 3.1. (140) Targets of miR-182 (red), miR-183 (yellow), miR-96 (blue), miRs-182 and -183 (orange), miRs-183 and -96
(green), miRs-96 and -182 (purple) and miRs-183, -182 and -96 (gray). Genes in lighter colors or dotted pathway lines represent miR-183 cluster messenger
RNA targets in organisms other than humans.

ter exposure to physiological or pathological stimuli (142).
The control over apoptosis often goes awry in disease (142)
permitting survival of cells with damaged DNA. We discuss
here how evidence in human cancer cell lines supports an
anti-apoptotic role for the miR-183 family, whereas these
miRs are pro-apoptotic in benign cells from organ systems
such as the bone.

As mentioned in the previous section on cancer, high lev-
els of the miR-183 cluster members are typically oncomiRic
and anti-apoptotic (143–147). miR-96 inhibited apoptosis
in both bladder cancer cells (T24) (145) and prostate can-
cer cells (LNCaP and DU145) (147) in which miR-96 was
overexpressed. In both bladder and prostate cancer studies,
apoptosis suppression was mediated by the negative regu-
lation of FOXO1 by miR-96 (145,147). Pro-apoptotic pro-
grammed cell death 4 (PDCD4), was shown to be a shared
target for both miR-183 and miR-182 in HCC cells, leading
to chemoresistance to taxanes and cisplatin in ovarian can-

cer cells respectively (121,146). Inhibition of all three miRs
in bladder cancer cells (T24 and UM-UC-3) and medul-
loblastoma cells (D458 and D556) increased the number
of apoptotic cells and the expression of the pro-apoptotic
markers BAD, BAK1 and BAX (91,148).

In contrast to the findings described above in cancer
cells, miR-182 was pro-apoptotic in benign ovarian and
bone cells. Overexpression of miR-182 in human primary
ovarian granulosa cells enhanced apoptosis as evident by
TUNEL and caspase-3 activation (149). Transient transfec-
tion of miR-182 in mesenchymal stem cells, MC3T3E1 pre-
osteoblasts and primary calvaria cells, increased apopto-
sis and reduced proliferation (143). Furthermore, miR-182
suppression of FOXO1 mediated apoptosis in this study,
demonstrating a dual role for FOXO1 being both pro- and
anti-apoptotic (143). The pro-apoptotic effect of high levels
of miR-183 family was also observed in the D. melanogaster
retina, in which dme-miR-263a/b (orthologs of hsa-miR-
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Figure 4. miR-183 cluster targets multiple cellular and biological pathways. Line weights are proportional to the number of literature reports that support
individual miR or cluster involvement in above mentioned processes. miR-183 cluster targets are listed under appropriate pathways. References for each
pathway can be found in Supplemental Table S2.

183) inhibited the pro-apoptotic gene head involution de-
fective (hid) and promoted cell survival (49).

The master apoptosis gate keeper, p53, may mediate the
seemingly contradictory roles of the miR-183 family in
apoptosis. The miR-183 cluster contains a p53 site in its pro-
moter, which was ChIP-validated in primary benign human
mammary cells (150). p53 function is lost in most malig-
nancies (151) which may lead to dysregulation of miR-183
expression, thereby altering the miR-183 family-regulated
post-transcriptional landscape during carcinogenesis.

DNA repair. In our pathway enrichment analysis, there
were multiple DNA repair pathways with marked enrich-
ment for miR-183 family target mRNAs, which may not be
surprising given that this process is tightly associated with
p53 and apoptosis (Supplementary Table S1). Here, we dis-
cuss miR regulation of DNA repair genes and how there
may be a therapeutic advantage to high expression of the
miR-183 family in tumors.

The miR-183 family impairs homologous DNA repair
and high expression of these miRs enhanced the effective-
ness of various cancer therapies. Of the three miRs of the
cluster, miRs- 96 and -182 are the most established as nega-
tive regulators of mRNAs for DNA repair proteins (91,152–
153). Ionizing radiation (IR) dose-dependently reduced the
expression of miR-183 family members (153). In turn, the
reduction of these miRs facilitated increased levels of nine
mRNAs for proteins involved in homologous recombina-
tion (HR)-mediated DNA repair (CDKN1B, CHECK2,
SMARCD3, NFKB1B, ATF1, CREB5, RAD17, TP53BP)
(152) and RAD51 (154). miR-182 overexpression increased
the amount of IR-induced double-strand breaks (DSBs)
in HL60 leukemia cells (153). Conversely, knockdown of
the entire cluster in medulloblastoma cells and knockdown
of miR-182 in HL60 cells reduced DNA DSBs (91,153).
Overexpression of miR-96 reduced HR-mediated DNA re-
pair of IR-induced damage in human osteosarcoma U2OS
cells (154). Overexpression of miR-96 with and without res-
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cue of the mRNA targets showed that miR-96 mediated
chemotherapy resistance to poly ADP ribose polymerase
(PARP) inhibitors and cisplatin via targeting of RAD51 and
REV1 (154). miR-96 also synergistically enhanced cisplatin
sensitivity in vivo in MDA-MB-231 breast tumors, resulting
in reduced tumor volume (154). BRCA1 is a DNA repair-
associated gene that, when mutated, contributes to famil-
ial breast cancer (155). BRCA1 is a luciferase-validated tar-
get of miR-182 (152,153) and miR-182 overexpression sen-
sitized breast cancer cells to PARP inhibitors in vitro and in
vivo via inhibition of BRCA1 (153). However, in osteosar-
coma cells (U2OS cells) overexpression of miR-182 did not
affect IR-induced BRCA1 foci formation (154), providing
another example of mRNA target heterogeneity in differ-
ent cell types and transcriptional backgrounds.

Energy and metabolism. The miR-183 family regulates
multiple mRNAs for proteins enriched in the citric acid
(TCA) cycle, insulin signaling and lipid metabolism path-
ways. Thus, abnormally high levels of the miRs in dis-
ease have the potential to alter energy management and
metabolism.

In vitro and clinical data support that miR-183 suppresses
the TCA cycle by inhibition of the essential mitochondrial
enzyme, isocitrate dehydrogenase 2 (IDH2) (89,156). IDH2
converts TCA cycle substrate isocitrate to �-ketoglutarate
by oxidative decarboxylation. This permits a functional
TCA cycle leading to chemical energy production by gen-
erating adenosine triphosphate (ATP) molecules. Negative
regulation of IDH2 by miR-183 was suggested in clinical
glioma tumor specimens in which IDH2 (mRNA and pro-
tein) levels inversely correlated with miR-183 levels (89).
This regulation was further demonstrated in vitro by over-
expression of miR-183, which reduced IDH2 leading to a
reduction in �-ketoglutarate levels and triggered a hypoxic
response (89). In A549 lung cancer cells and N12 primary
normal lung fibroblasts high levels of CO2 increased miR-
183 levels by 3.5-fold leading to suppressed IDH2 levels, de-
creased mitochondrial oxygen consumption, reduced ATP
production and inhibited cell proliferation (156). These in
vitro findings may ultimately be clinically relevant as high
CO2 (known as hypercapnia) manifests in patients with
severe lung disorders including chronic obstructive pul-
monary disorder (COPD), asthma, cystic fibrosis and mus-
cular dystrophies.

The miR-183 family is integral to the regulation of lipid
metabolism as they target mRNAs for lipid metabolism
proteins and are themselves regulated by lipids. Jeon et al.
proposed that this miR cluster serves as an ‘operon’ to reg-
ulate lipid metabolism. SREBP2-mediated transcription in-
creased the hepatic levels of the miR-183 family ∼20-fold in
mice treated with statins, lovastatin and ezetimibe, to reduce
cholesterol (157). SREBP2 is a member of the Sterol Regu-
latory Element-Binding Protein (SREBP) family which reg-
ulate cell survival and lipid synthesis (158,159). SREBP2-
induced miR-96 and miR-182 directly suppressed negative
regulators of nuclear SREBP2 (insulin induced gene 2 (In-
sig2) and F-box/WD repeat-containing protein (Fbxw7)
resulting in a positive feed forward loop to stimulate hepatic
lipid synthesis and accumulation (157,160). Complement-
ing this study, Wang et. al showed that miR-96 targeted hep-

atic scavenger receptor class B type (SR-BI) to reduce deliv-
ery of high-density lipoprotein cholesterol (HDL-C) for ex-
cretion and hormone synthesis to liver (161). Since HDL-C
excretion has a protective effect in atherosclerosis, suppres-
sion of SR-BI by the miRs may increase risks for atheroscle-
rosis and heart disease (161). Lastly, Xu and Wong compu-
tationally identified the miR-183 cluster as a regulator of
the insulin signaling pathway in mice and validated growth
factor receptor-bound protein 2 (Grb2), RAS p21 protein
activator (Rasa1) and Insulin Receptor substrate 1 (Irs1) as
mRNA targets of miR-96 and-182 (162). IRS1 and GRB2
bind the insulin receptor to initiate downstream RAS acti-
vation, thereby connecting insulin and energy metabolism
to cell proliferation (162) similarly to SREBP2 (157).

Immune signaling. Immune signaling is a pathway en-
riched with miR-183 family mRNA targets and, as we de-
scribed above, several auto-immune disorders have altered
expression of these miRs. There is strong mechanistic data
to show that these miRs directly target TGF-� and other
cytokine signaling pathways (87,163–164). miRs-183 and -
182 were both found to be transcriptionally up-regulated by
TGF-� in separate studies (87,163). In glioma cells, TGF-�-
induced miR-182 suppressed several NF-�B inhibitory pro-
teins to facilitate constitutive NF-�B activity in glioma cells
(87). Whereas TGF-�-induced miR-183 in natural killer
(NK) cells directly suppressed DAP12, a signal adaptor for
NK cell lytic function, ultimately leading to immunosup-
pression (163).

In T-cells the miR-183 cluster members regulate several
pro-inflammatory cytokine pathways vital to the immune
cell function (164,165). Expansion of T helper cells (TH)
following interleukin-2 (IL2) stimulation required Stat5-
mediated induction of miR-182, which subsequently sup-
pressed FOXO1 (164). Of note, this is an example of dif-
ferential regulation of the individual miRs as miR-182 ex-
pression was augmented after IL-2 treatment, and miR-96
was not detectable in the TH cells (164). In U937 leukemia
cells, IL-2 also increased miR-183 expression via a ChIP-
validated Foxp3 binding site (165). Following Schistosoma
mansoni infection in a rodent liver inflammation model, IL-
4-induced differentiation of regulatory T (Treg) cells was
mediated by an increase in miR-182 levels (165). This study
indicates that miR-182 controls characteristics within Treg
populations and may calibrate their function after exposure
to specific pathogens (165).

An example of non-canonical miR binding within a
coding region was shown with miR-183 and regulation
of leukemia-associated inflammation (166). In U937 cells,
miR-183 targeted and suppressed beta-transducin repeat
containing E3 ubiqutin protein ligase (�-trCP) levels via
binding to the coding region of the mRNA (166). �-trCP
is a ubiquitin ligase (166) and reduction of �-trCP led to
increased ADAM17 metalloproteinase and TNF-� shed-
ding, which generated soluble TNF-� to further propagate
inflammation (167).

Regulation of miR-183 cluster expression
Throughout the literature there are examples of the miR-
183 family members being transcriptionally regulated to-
gether as a single polycistronic pri-miR, but there is also
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Table 2. Transcriptional regulators of the miR-183 cluster

Transcriptional regulator Model system Approx. binding site location Method
Direction of
regulation Ref.

MYCN Human neuroblastoma cell lines ∼5 kb upstream of hsa-miR-183 Chip-Seq ↓ (168)
HDAC2 Human neuroblastoma cell lines ∼5 kb upstream of hsa-miR-183 Chip-Seq ↓ (168)
SREBP2 Murine liver ∼4 kb upstream of

mmu-miR-183
ChIP-Seq and luciferase ↑ (157)

cMAF Murine liver ∼56 kb upstream of
mmu-miR-183

In silico, FACS and RT-PCR ↑ (165)

SP1 Lung cancer cell lines ∼500 bp upstream of
hsa-miR-182

Luciferase and ChIP ↑ (98)

ZEB1 Common cancer cell lines ∼3.8 kb and ∼5.1 kb upstream of
hsa-miR-183

Luciferase and ChIP ↓ (168)

�-CATENIN/
TCF4/LEF

Human gastric cancer cell line 6–8 kb upstream of hsa-miR-183 ChIP ↑ (127)

EVI1 Human pancreatic cancer cell lines ∼6 kb upstream of hsa-miR-96 ChIP ↓ (125)
p53 Primary human mammary epithelial

cells
∼1.6 kb upstream of
hsa-miR-183

ChIP ↑ (150)

TGF� (via SMAD2 /
SMAD4)

Human glioma cells ∼11.5 kb upstream of
hsa-miR-182

ChIP ↑ (87)

FOXP3 Lymphoma cells ∼400 bp upstream of
hsa-miR-183

ChIP and luciferase ↑ (169)

compelling evidence that the mature levels of these three
miRs are regulated individually as well. Transcriptional
control of the human miR-183 cluster has been shown
to be regulated by both transcription and DNA methy-
lation. Several transcription factors with established roles
in embryogenesis and carcinogenesis, such as �-catenin/
TCF/LEF, p53 and TGF-�, have been shown to bind
a promoter located 1.5–5kb upstream of hsa-miR-183
(87,98,125,127,150,157,165,168–169) (summarized in Table
2). There are several CpG islands before the miR-183 TSS
(3.5, 8 and10 kb) and epigenetic regulation by DNA methy-
lation has been shown (Figure 1A) (170). Of note, miR-182,
not miRs-96 or -183, was solely regulated by demethylation
of a CpG island −10 kb upstream in a study by Liu et al.,
in human melanoma cell lines (171).

There are other reports of independent regulation of
miRs -183, -96 and -182 levels, and the unusually long 4.2 kb
intergenic sequence between miRs-96 and -182 may be crit-
ical to regulation of mature miR expression. In the human
DNA sequence, there is a region of high genomic conserva-
tion ∼2 kb upstream of miR-182, which is indicative of a
secondary TSS for miR-182 (shown in the UCSD Genome
Browser in Figure 1A). However, two secondary TSS in the
miR-96 and -182 intergenic region have been described in
the literature and neither of them are in this area of conser-
vation (98,132). A Sp1-regulated secondary TSS 500 base
pairs upstream of miR-182 was characterized in lung can-
cer cells (98). In murine soft tissue sarcomas, another sec-
ondary TSS ∼140 bp upstream of miR-182 was identified
(132), though this sequence is not present the human region
of the miR-183 cluster. miR-96 was reported to be nega-
tively regulated by the transcription factor EVI1 in pancre-
atic cancer via a putative binding site 6–7 kb upstream of its
sequence (125), although miRs-182 and -183 were not men-
tioned in this study. Given the limited number of current
reports about independent regulation of the miR-183 fam-
ily, further studies are needed to characterize independent
regulation of the cluster members including transcriptional,
post-transcriptional processing, miR modifications and/or
miR decay.

CONCLUSIONS

Normally the expression of the miR-183 cluster is highly
specific to the sensory organs and is necessary for sensory
development and circadian rhythm, which are crucial con-
served evolutionary features observed in the animal king-
dom (172,173). Perhaps it is this role in development that
has led to 600 million years of conservation. However, dys-
regulation of the miR-183 family expression occurs in dis-
orders unrelated to sensory organs. The high expression
of these miRs in disease may be permissive or contribute
to the altered post-transcriptional landscape in cancer, au-
toimmune and neurological disorders. Moreover, the indi-
vidual miR-183 family members cooperate to regulate mul-
tiple components of both normal and disease pathways of
sensory development, metabolism, apoptosis, DNA repair,
metal homeostasis, immune system and circadian rhythm.
Coming full circle, these miRs are also regulated by key
transcriptional factors that control the above mentioned
processes.

Several questions remain about the regulation and in-
volvement of the miR-183 cluster in development and dis-
ease. Though there are promoter elements upstream of the
miR-183 cluster, a secondary TSS in the miR-96 and -182
intergenic region may also be important to aberrant expres-
sion of the miRs in disease (98,132).

Another element that ties the miR-183 cluster to develop-
ment and disease is that the miR-183 cluster expression can
be regulated by �-catenin (127,174). �-Catenin is activated
downstream of WNT signaling and is an evolutionary con-
served transcription factor that is implicated in embryonic
and organ developmental regulation (127,174–180). Based
on this recent data, the miR-183 cluster is likely involved in
certain aspects of embryonic development under the regula-
tory control of �-catenin. Though there are several reports
of miR-183 family member expression in mouse, zebra fish,
and even human embryonic stem cells, very little is known
about its functional role in embryonic development outside
the sensory organs. The miR-183 family null mouse has pro-
vided some insight into the role of these miRs in develop-
ment, but there was not an overt disease phenotype. Per-
haps, the short and controlled lifespan of laboratory mice
does not permit these age-related diseases to emerge, and it
is likely that abnormal expression of these miRs would have
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more pronounced phenotypes in humans. As well, better
understanding of the half-life and stability of the pri-miR,
pre-miRs and mature miRs would help provide insight into
the cluster’s organ-specific functions in various cellular en-
vironments.

Although not detailed in this review, there is grow-
ing evidence that these miRs may also serve as disease
biomarkers and that certain SNPs, which are located near
or within the miR-183 cluster, are associated with various
diseases (86,90,100,109,181–184). However, further studies
are needed to determine whether these SNPs are function-
ally significant to disease pathology. Since the miR-183 fam-
ily has been implicated in mediating the sensitivity of vari-
ous chemotherapies as described in section 5.2, additional
studies are warranted to study this cluster as a biomarker of
chemotherapeutic effectiveness.

In closing, the body of literature reinforces the concept
that the highly conserved miR-183 cluster is a critical player
in biological processes. Though each miR of the family pos-
sesses its own unique set of targets, coordinated expression
of the cluster allows the miR-183 family to co-regulate mul-
tiple pathways vital to both development and disease.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

Thank you to Drs Alan Diamond and LaTanya Williams
for critical review of this manuscript and Peter Nguyen for
help with Cytoscape.

FUNDING

National Institutes of Health [CA R01 CA166588 Nonn].
Funding for open access charge: NIH [R01 CA166588]; Re-
search Open Access Publishing (ROAAP) Fund of the Uni-
versity of Illinois at Chicago.
Conflict of interest statement. None declared.

REFERENCES
1. Lai,E.C. (2002) Micro RNAs are complementary to 3′ UTR

sequence motifs that mediate negative post-transcriptional
regulation. Nat. Genet., 30, 363–364.

2. Lai,E.C., Tomancak,P., Williams,R.W. and Rubin,G.M. (2003)
Computational identification of Drosophila microRNA genes.
Genome Biol., 4, R42.

3. Altuvia,Y., Landgraf,P., Lithwick,G., Elefant,N., Pfeffer,S.,
Aravin,A., Brownstein,M.J., Tuschl,T. and Margalit,H. (2005)
Clustering and conservation patterns of human microRNAs.
Nucleic Acids Res., 33, 2697–2706.

4. Mathelier,A. and Carbone,A. (2013) Large scale chromosomal
mapping of human microRNA structural clusters. Nucleic Acids
Res., 41, 4392–4408.

5. Ryazansky,S.S., Gvozdev,V.A. and Berezikov,E. (2011) Evidence
for post-transcriptional regulation of clustered microRNAs in
Drosophila. BMC Genomics, 12, 371.

6. Ji,M., Rao,E., Ramachandrareddy,H., Shen,Y., Jiang,C., Chen,J.,
Hu,Y., Rizzino,A., Chan,W.C., Fu,K. et al. (2011) The miR-17–92
microRNA cluster is regulated by multiple mechanisms in B-cell
malignancies. Am. J. Pathol., 179, 1645–1656.

7. Sun,J., Gao,B., Zhou,M., Wang,Z.Z., Zhang,F., Deng,J.E. and
Li,X. (2013) Comparative genomic analysis reveals evolutionary

characteristics and patterns of microRNA clusters in vertebrates.
Gene, 512, 383–391.

8. Hertel,J., Lindemeyer,M., Missal,K., Fried,C., Tanzer,A.,
Flamm,C., Hofacker,I.L. and Stadler,P.F. (2006) The expansion of
the metazoan microRNA repertoire. BMC Genomics, 7, 25.

9. Wu,J., Bao,J., Kim,M., Yuan,S., Tang,C., Zheng,H., Mastick,G.S.,
Xu,C. and Yan,W. (2014) Two miRNA clusters, miR-34b/c and
miR-449, are essential for normal brain development, motile
ciliogenesis, and spermatogenesis. Proc. Natl. Acad. Sci. U.S.A.,
111, E2851–E2857.

10. Bao,J., Li,D., Wang,L., Wu,J., Hu,Y., Wang,Z., Chen,Y., Cao,X.,
Jiang,C., Yan,W. et al. (2012) MicroRNA-449 and
microRNA-34b/c function redundantly in murine testes by
targeting E2F transcription factor-retinoblastoma protein
(E2F-pRb) pathway. J. Biol. Chem., 287, 21686–21698.

11. Besser,J., Malan,D., Wystub,K., Bachmann,A., Wietelmann,A.,
Sasse,P., Fleischmann,B.K., Braun,T. and Boettger,T. (2014)
MiRNA-1/133a clusters regulate adrenergic control of cardiac
repolarization. PLoS ONE, 9, e113449.

12. Archer,T.C. and Pomeroy,S.L. (2014) A developmental program
drives aggressive embryonal brain tumors. Nat. Genet., 46, 2–3.

13. Benetti,R., Gonzalo,S., Jaco,I., Munoz,P., Gonzalez,S.,
Schoeftner,S., Murchison,E., Andl,T., Chen,T., Klatt,P. et al. (2008)
A mammalian microRNA cluster controls DNA methylation and
telomere recombination via Rbl2-dependent regulation of DNA
methyltransferases. Nat. Struct. Mol. Biol., 15, 268–279.

14. Hebert,S.S., Horre,K., Nicolai,L., Papadopoulou,A.S.,
Mandemakers,W., Silahtaroglu,A.N., Kauppinen,S., Delacourte,A.
and De Strooper,B. (2008) Loss of microRNA cluster miR-29a/b-1
in sporadic Alzheimer’s disease correlates with increased
BACE1/beta-secretase expression. Proc. Natl. Acad. Sci. U.S.A.,
105, 6415–6420.

15. Ventura,A., Young,A.G., Winslow,M.M., Lintault,L., Meissner,A.,
Erkeland,S.J., Newman,J., Bronson,R.T., Crowley,D., Stone,J.R.
et al. (2008) Targeted deletion reveals essential and overlapping
functions of the miR-17 through 92 family of miRNA clusters. Cell,
132, 875–886.

16. Liao,B., Bao,X., Liu,L., Feng,S., Zovoilis,A., Liu,W., Xue,Y.,
Cai,J., Guo,X., Qin,B. et al. (2011) MicroRNA cluster 302–367
enhances somatic cell reprogramming by accelerating a
mesenchymal-to-epithelial transition. J. Biol. Chem., 286,
17359–17364.

17. Mestdagh,P., Bostrom,A.K., Impens,F., Fredlund,E., Van Peer,G.,
De Antonellis,P., von Stedingk,K., Ghesquiere,B., Schulte,S.,
Dews,M. et al. (2010) The miR-17–92 microRNA cluster regulates
multiple components of the TGF-beta pathway in neuroblastoma.
Mol. Cell, 40, 762–773.

18. Hayashita,Y., Osada,H., Tatematsu,Y., Yamada,H., Yanagisawa,K.,
Tomida,S., Yatabe,Y., Kawahara,K., Sekido,Y. and Takahashi,T.
(2005) A polycistronic microRNA cluster, miR-17–92, is
overexpressed in human lung cancers and enhances cell
proliferation. Cancer Res., 65, 9628–9632.

19. He,L., Thomson,J.M., Hemann,M.T., Hernando-Monge,E.,
Mu,D., Goodson,S., Powers,S., Cordon-Cardo,C., Lowe,S.W.,
Hannon,G.J. et al. (2005) A microRNA polycistron as a potential
human oncogene. Nature, 435, 828–833.

20. Li,Y., Choi,P.S., Casey,S.C., Dill,D.L. and Felsher,D.W. (2014)
MYC through miR-17–92 suppresses specific target genes to
maintain survival, autonomous proliferation, and a neoplastic state.
Cancer Cell, 26, 262–272.

21. Lu,Y., Thomson,J.M., Wong,H.Y., Hammond,S.M. and
Hogan,B.L. (2007) Transgenic over-expression of the microRNA
miR-17–92 cluster promotes proliferation and inhibits
differentiation of lung epithelial progenitor cells. Dev. Biol., 310,
442–453.

22. Pierce,M.L., Weston,M.D., Fritzsch,B., Gabel,H.W., Ruvkun,G.
and Soukup,G.A. (2008) MicroRNA-183 family conservation and
ciliated neurosensory organ expression. Evol. Dev., 10, 106–113.

23. Weston,M.D., Pierce,M.L., Jensen-Smith,H.C., Fritzsch,B.,
Rocha-Sanchez,S., Beisel,K.W. and Soukup,G.A. (2011)
MicroRNA-183 family expression in hair cell development and
requirement of microRNAs for hair cell maintenance and survival.
Dev. Dyn., 240, 808–819.

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv703/-/DC1


7184 Nucleic Acids Research, 2015, Vol. 43, No. 15

24. Mourelatos,Z., Dostie,J., Paushkin,S., Sharma,A., Charroux,B.,
Abel,L., Rappsilber,J., Mann,M. and Dreyfuss,G. (2002) miRNPs:
a novel class of ribonucleoproteins containing numerous
microRNAs. Genes Dev., 16, 720–728.

25. Lim,L.P., Glasner,M.E., Yekta,S., Burge,C.B. and Bartel,D.P.
(2003) Vertebrate microRNA genes. Science, 299, 1540.

26. Lagos-Quintana,M., Rauhut,R., Meyer,J., Borkhardt,A. and
Tuschl,T. (2003) New microRNAs from mouse and human. RNA, 9,
175–179.

27. Xu,S., Witmer,P.D., Lumayag,S., Kovacs,B. and Valle,D. (2007)
MicroRNA (miRNA) transcriptome of mouse retina and
identification of a sensory organ-specific miRNA cluster. J. Biol.
Chem., 282, 25053–25066.

28. Weston,M.D., Pierce,M.L., Rocha-Sanchez,S., Beisel,K.W. and
Soukup,G.A. (2006) MicroRNA gene expression in the mouse inner
ear. Brain Res., 1111, 95–104.

29. Zuker,M. (2003) Mfold web server for nucleic acid folding and
hybridization prediction. Nucleic Acids Res., 31, 3406–3415.

30. Waugh,A., Gendron,P., Altman,R., Brown,J.W., Case,D.,
Gautheret,D., Harvey,S.C., Leontis,N., Westbrook,J., Westhof,E.
et al. (2002) RNAML: a standard syntax for exchanging RNA
information. RNA, 8, 707–717.

31. Zuker,M. and Jacobson,A.B. (1998) Using reliability information to
annotate RNA secondary structures. RNA, 4, 669–679.

32. Jalvy-Delvaille,S., Maurel,M., Majo,V., Pierre,N., Chabas,S.,
Combe,C., Rosenbaum,J., Sagliocco,F. and Grosset,C.F. (2012)
Molecular basis of differential target regulation by miR-96 and
miR-182: the Glypican-3 as a model. Nucleic Acids Res., 40,
1356–1365.

33. Li,C., Du,X., Tai,S., Zhong,X., Wang,Z., Hu,Z., Zhang,L.,
Kang,P., Ji,D., Jiang,X. et al. (2014) GPC1 regulated by
miR-96–5p, rather than miR-182–5p, in inhibition of pancreatic
carcinoma cell proliferation. Int. J. Mol. Sci., 15, 6314–6327.

34. Jensen,K.P. and Covault,J. (2011) Human miR-1271 is a miR-96
paralog with distinct non-conserved brain expression pattern.
Nucleic Acids Res., 39, 701–711.

35. Prochnik,S.E., Rokhsar,D.S. and Aboobaker,A.A. (2007) Evidence
for a microRNA expansion in the bilaterian ancestor. Dev. Genes
Evol., 217, 73–77.

36. Sayers,E.W., Barrett,T., Benson,D.A., Bolton,E., Bryant,S.H.,
Canese,K., Chetvernin,V., Church,D.M., Dicuccio,M., Federhen,S.
et al. (2010) Database resources of the National Center for
Biotechnology Information. Nucleic Acids Res., 38, 12.

37. Benson,D.A., Karsch-Mizrachi,I., Lipman,D.J., Ostell,J. and
Sayers,E.W. (2009) GenBank. Nucleic Acids Res., 37, 21.

38. Jacobsen,A., Krogh,A., Kauppinen,S. and Lindow,M. (2010)
miRMaid: a unified programming interface for microRNA data
resources. BMC Bioinformatics., 11, 29.

39. Notredame,C., Higgins,D.G. and Heringa,J. (2000) T-Coffee: a
novel method for fast and accurate multiple sequence alignment. J.
Mol. Biol., 302, 205–217.

40. Kozomara,A. and Griffiths-Jones,S. (2011) miRBase: integrating
microRNA annotation and deep-sequencing data. Nucleic Acids
Res., 39, 30.

41. Kozomara,A. and Griffiths-Jones,S. (2014) miRBase: annotating
high confidence microRNAs using deep sequencing data. Nucleic
Acids Res., 42, 25.

42. Griffiths-Jones,S. (2004) The microRNA registry. Nucleic Acids
Res., 32, D109–D111.

43. Griffiths-Jones,S., Saini,H.K., van Dongen,S. and Enright,A.J.
(2008) miRBase: tools for microRNA genomics. Nucleic Acids Res.,
36, 8.

44. Griffiths-Jones,S., Grocock,R.J., van Dongen,S., Bateman,A. and
Enright,A.J. (2006) miRBase: microRNA sequences, targets and
gene nomenclature. Nucleic Acids Res., 34, D140–D144.

45. Wienholds,E., Kloosterman,W.P., Miska,E., Alvarez-Saavedra,E.,
Berezikov,E., de Bruijn,E., Horvitz,H.R., Kauppinen,S. and
Plasterk,R.H. (2005) MicroRNA expression in zebrafish embryonic
development. Science, 309, 310–311.

46. Kloosterman,W.P., Wienholds,E., de Bruijn,E., Kauppinen,S. and
Plasterk,R.H. (2006) In situ detection of miRNAs in animal
embryos using LNA-modified oligonucleotide probes. Nat.
Methods, 3, 27–29.

47. Li,H., Kloosterman,W. and Fekete,D.M. (2010) MicroRNA-183
family members regulate sensorineural fates in the inner ear. J.
Neurosci., 30, 3254–3263.

48. Lumayag,S., Haldin,C.E., Corbett,N.J., Wahlin,K.J., Cowan,C.,
Turturro,S., Larsen,P.E., Kovacs,B., Witmer,P.D., Valle,D. et al.
(2013) Inactivation of the microRNA-183/96/182 cluster results in
syndromic retinal degeneration. Proc. Natl. Acad. Sci. U.S.A., 110,
E507–E516.

49. Hilgers,V., Bushati,N. and Cohen,S.M. (2010) Drosophila
microRNAs 263a/b confer robustness during development by
protecting nascent sense organs from apoptosis. PLoS Biol., 8,
e1000396.

50. Babak,T., Zhang,W., Morris,Q., Blencowe,B.J. and Hughes,T.R.
(2004) Probing microRNAs with microarrays: tissue specificity and
functional inference. RNA, 10, 1813–1819.

51. Sacheli,R., Nguyen,L., Borgs,L., Vandenbosch,R., Bodson,M.,
Lefebvre,P. and Malgrange,B. (2009) Expression patterns of
miR-96, miR-182 and miR-183 in the development inner ear. Gene
Expr. Patterns, 9, 364–370.

52. Lewis,M.A., Quint,E., Glazier,A.M., Fuchs,H., De Angelis,M.H.,
Langford,C., van Dongen,S., Abreu-Goodger,C., Piipari,M.,
Redshaw,N. et al. (2009) An ENU-induced mutation of miR-96
associated with progressive hearing loss in mice. Nat. Genet., 41,
614–618.

53. Kuhn,S., Johnson,S.L., Furness,D.N., Chen,J., Ingham,N.,
Hilton,J.M., Steffes,G., Lewis,M.A., Zampini,V., Hackney,C.M.
et al. (2011) miR-96 regulates the progression of differentiation in
mammalian cochlear inner and outer hair cells. Proc. Natl. Acad.
Sci. U.S.A., 108, 2355–2360.

54. Soukup,G.A. (2009) Little but loud: small RNAs have a resounding
affect on ear development. Brain Res., 1277, 104–114.

55. Bak,M., Silahtaroglu,A., Moller,M., Christensen,M., Rath,M.F.,
Skryabin,B., Tommerup,N. and Kauppinen,S. (2008) MicroRNA
expression in the adult mouse central nervous system. RNA, 14,
432–444.

56. Krol,J., Busskamp,V., Markiewicz,I., Stadler,M.B., Ribi,S.,
Richter,J., Duebel,J., Bicker,S., Fehling,H.J., Schubeler,D. et al.
(2010) Characterizing light-regulated retinal microRNAs reveals
rapid turnover as a common property of neuronal microRNAs.
Cell, 141, 618–631.

57. Houbaviy,H.B., Murray,M.F. and Sharp,P.A. (2003) Embryonic
stem cell-specific MicroRNAs. Dev. Cell, 5, 351–358.

58. Du,Z.W., Ma,L.X., Phillips,C. and Zhang,S.C. (2013) miR-200 and
miR-96 families repress neural induction from human embryonic
stem cells. Development, 140, 2611–2618.

59. Mihelich,B.L., Khramtsova,E.A., Arva,N., Vaishnav,A.,
Johnson,D.N., Giangreco,A.A., Martens-Uzunova,E., Bagasra,O.,
Kajdacsy-Balla,A. and Nonn,L. (2011) miR-183–96–182 cluster is
overexpressed in prostate tissue and regulates zinc homeostasis in
prostate cells. J. Biol. Chem., 286, 44503–44511.

60. Clokie,S.J., Lau,P., Kim,H.H., Coon,S.L. and Klein,D.C. (2012)
MicroRNAs in the pineal gland: miR-483 regulates melatonin
synthesis by targeting arylalkylamine N-acetyltransferase. J. Biol.
Chem., 287, 25312–25324.

61. Ben-Moshe,Z., Alon,S., Mracek,P., Faigenbloom,L., Tovin,A.,
Vatine,G.D., Eisenberg,E., Foulkes,N.S. and Gothilf,Y. (2014) The
light-induced transcriptome of the zebrafish pineal gland reveals
complex regulation of the circadian clockwork by light. Nucleic
Acids Res., 42, 3750–3767.

62. Yang,M., Lee,J.E., Padgett,R.W. and Edery,I. (2008) Circadian
regulation of a limited set of conserved microRNAs in Drosophila.
BMC Genomics, 9, 83.

63. Saus,E., Soria,V., Escaramis,G., Vivarelli,F., Crespo,J.M.,
Kagerbauer,B., Menchon,J.M., Urretavizcaya,M., Gratacos,M. and
Estivill,X. (2010) Genetic variants and abnormal processing of
pre-miR-182, a circadian clock modulator, in major depression
patients with late insomnia. Hum. Mol. Genet., 19, 4017–4025.

64. Dai,R., Zhang,Y., Khan,D., Heid,B., Caudell,D., Crasta,O. and
Ahmed,S.A. (2010) Identification of a common lupus
disease-associated microRNA expression pattern in three different
murine models of lupus. PLoS ONE, 5, e14302.

65. Dai,R., McReynolds,S., Leroith,T., Heid,B., Liang,Z. and
Ahmed,S.A. (2013) Sex differences in the expression of



Nucleic Acids Research, 2015, Vol. 43, No. 15 7185

lupus-associated miRNAs in splenocytes from lupus-prone
NZB/WF1 mice. Biol. Sex Differ., 4, 19.

66. Yu,H., Liu,Y., Bai,L., Kijlstra,A. and Yang,P. (2014) Predisposition
to Behcet’s disease and VKH syndrome by genetic variants of
miR-182. J. Mol. Med., 92, 961–967.

67. Chen,H.P., Zhou,W., Kang,L.M., Yan,H., Zhang,L., Xu,B.H. and
Cai,W.H. (2014) Intrathecal miR-96 inhibits Nav1.3 expression and
alleviates neuropathic pain in rat following chronic construction
injury. Neurochem. Res., 39, 76–83.

68. Li,X., Kroin,J.S., Kc,R., Gibson,G., Chen,D., Corbett,G.T.,
Pahan,K., Fayyaz,S., Kim,J.S., van Wijnen,A.J. et al. (2013) Altered
spinal microRNA-146a and the microRNA-183 cluster contribute
to osteoarthritic pain in knee joints. J. Bone Miner. Res., 28,
2512–2522.

69. Bali,K.K. and Kuner,R. (2014) Noncoding RNAs: key molecules in
understanding and treating pain. Trends Mol. Med., 20, 437–448.

70. Yu,B., Qian,T., Wang,Y., Zhou,S., Ding,G., Ding,F. and Gu,X.
(2012) miR-182 inhibits Schwann cell proliferation and migration
by targeting FGF9 and NTM, respectively at an early stage
following sciatic nerve injury. Nucleic Acids Res., 40, 10356–10365.

71. Kye,M.J., Niederst,E.D., Wertz,M.H., Goncalves Ido,C., Akten,B.,
Dover,K.Z., Peters,M., Riessland,M., Neveu,P., Wirth,B. et al.
(2014) SMN regulates axonal local translation via miR-183/mTOR
pathway. Hum. Mol. Genet., 23, 6318–6331.

72. Ubhi,K., Rockenstein,E., Kragh,C., Inglis,C., Spencer,B.,
Michael,S., Mante,M., Adame,A., Galasko,D. and Masliah,E.
(2014) Widespread microRNA dysregulation in multiple system
atrophy - disease-related alteration in miR-96. Eur. J. Neurosci., 39,
1026–1041.

73. Lin,C.R., Chen,K.H., Yang,C.H., Huang,H.W. and
Sheen-Chen,S.M. (2014) Intrathecal miR-183 delivery suppresses
mechanical allodynia in mononeuropathic rats. Eur. J. Neurosci.,
39, 1682–1689.

74. Aldrich,B.T., Frakes,E.P., Kasuya,J., Hammond,D.L. and
Kitamoto,T. (2009) Changes in expression of sensory organ-specific
microRNAs in rat dorsal root ganglia in association with
mechanical hypersensitivity induced by spinal nerve ligation.
Neuroscience, 164, 711–723.

75. Sanchez-Mora,C., Ramos-Quiroga,J.A., Garcia-Martinez,I.,
Fernandez-Castillo,N., Bosch,R., Richarte,V., Palomar,G.,
Nogueira,M., Corrales,M., Daigre,C. et al. (2013) Evaluation of
single nucleotide polymorphisms in the miR-183–96–182 cluster in
adulthood attention-deficit and hyperactivity disorder (ADHD)
and substance use disorders (SUDs). Eur. Neuropsychopharmacol.,
23, 1463–1473.

76. Jensen,K.P., Covault,J., Conner,T.S., Tennen,H., Kranzler,H.R.
and Furneaux,H.M. (2009) A common polymorphism in serotonin
receptor 1B mRNA moderates regulation by miR-96 and associates
with aggressive human behaviors. Mol. Psychiatry, 14, 381–389.

77. Conner,T.S., Jensen,K.P., Tennen,H., Furneaux,H.M.,
Kranzler,H.R. and Covault,J. (2010) Functional polymorphisms in
the serotonin 1B receptor gene (HTR1B) predict self-reported anger
and hostility among young men. Am. J. Med. Genet. B
Neuropsychiatr. Genet., 153, 67–78.

78. Kohen,R., Dobra,A., Tracy,J.H. and Haugen,E. (2014)
Transcriptome profiling of human hippocampus dentate gyrus
granule cells in mental illness. Translational Psychiatry, 4, e366.

79. Smalheiser,N.R., Lugli,G., Rizavi,H.S., Zhang,H., Torvik,V.I.,
Pandey,G.N., Davis,J.M. and Dwivedi,Y. (2011) MicroRNA
expression in rat brain exposed to repeated inescapable shock:
differential alterations in learned helplessness vs. non-learned
helplessness. Int. J. Neuropsychopharmacol., 14, 1315–1325.

80. Lu,J., Getz,G., Miska,E.A., Alvarez-Saavedra,E., Lamb,J., Peck,D.,
Sweet-Cordero,A., Ebert,B.L., Mak,R.H., Ferrando,A.A. et al.
(2005) MicroRNA expression profiles classify human cancers.
Nature, 435, 834–838.

81. Neville,P.J., Conti,D.V., Paris,P.L., Levin,H., Catalona,W.J.,
Suarez,B.K., Witte,J.S. and Casey,G. (2002) Prostate cancer
aggressiveness locus on chromosome 7q32-q33 identified by linkage
and allelic imbalance studies. Neoplasia, 4, 424–431.

82. Paiss,T., Worner,S., Kurtz,F., Haeussler,J., Hautmann,R.E.,
Gschwend,J.E., Herkommer,K. and Vogel,W. (2003) Linkage of
aggressive prostate cancer to chromosome 7q31–33 in German
prostate cancer families. Eur. J. Hum. Genet., 11, 17–22.

83. Greshock,J., Nathanson,K., Medina,A., Ward,M.R., Herlyn,M.,
Weber,B.L. and Zaks,T.Z. (2009) Distinct patterns of DNA copy
number alterations associate with BRAF mutations in melanomas
and melanoma-derived cell lines. Genes, Chromosomes Cancer, 48,
419–428.

84. Dave,B.J., Hopwood,V.L., King,T.M., Jiang,H., Spitz,M.R. and
Pathak,S. (1995) Genetic susceptibility to lung cancer as determined
by lymphocytic chromosome analysis. Cancer Epidemiol.
Biomarkers Prev., 4, 743–749.

85. Larramendy,M.L., Tarkkanen,M., Blomqvist,C., Virolainen,M.,
Wiklund,T., Asko-Seljavaara,S., Elomaa,I. and Knuutila,S. (1997)
Comparative genomic hybridization of malignant fibrous
histiocytoma reveals a novel prognostic marker. Am. J. Pathol., 151,
1153–1161.

86. Zhang,Q.H., Sun,H.M., Zheng,R.Z., Li,Y.C., Zhang,Q., Cheng,P.,
Tang,Z.H. and Huang,F. (2013) Meta-analysis of microRNA-183
family expression in human cancer studies comparing cancer tissues
with noncancerous tissues. Gene, 527, 26–32.

87. Song,L., Liu,L., Wu,Z., Li,Y., Ying,Z., Lin,C., Wu,J., Hu,B.,
Cheng,S.Y., Li,M. et al. (2012) TGF-beta induces miR-182 to
sustain NF-kappaB activation in glioma subsets. J. Clin. Invest.,
122, 3563–3578.

88. Yan,Z., Wang,J., Wang,C., Jiao,Y., Qi,W. and Che,S. (2014)
miR-96/HBP1/Wnt/beta-catenin regulatory circuitry promotes
glioma growth. FEBS Lett., 588, 3038–3046.

89. Tanaka,H., Sasayama,T., Tanaka,K., Nakamizo,S., Nishihara,M.,
Mizukawa,K., Kohta,M., Koyama,J., Miyake,S., Taniguchi,M.
et al. (2013) MicroRNA-183 upregulates HIF-1alpha by targeting
isocitrate dehydrogenase 2 (IDH2) in glioma cells. J. Neurooncol.,
111, 273–283.

90. Jiang,L., Mao,P., Song,L., Wu,J., Huang,J., Lin,C., Yuan,J., Qu,L.,
Cheng,S.Y. and Li,J. (2010) miR-182 as a prognostic marker for
glioma progression and patient survival. Am. J. Pathol., 177, 29–38.

91. Weeraratne,S.D., Amani,V., Teider,N., Pierre-Francois,J.,
Winter,D., Kye,M.J., Sengupta,S., Archer,T., Remke,M., Bai,A.H.
et al. (2012) Pleiotropic effects of miR-183∼96∼182 converge to
regulate cell survival, proliferation and migration in
medulloblastoma. Acta Neuropathol. (Berl.), 123, 539–552.

92. Gokhale,A., Kunder,R., Goel,A., Sarin,R., Moiyadi,A., Shenoy,A.,
Mamidipally,C., Noronha,S., Kannan,S. and Shirsat,N.V. (2010)
Distinctive microRNA signature of medulloblastomas associated
with the WNT signaling pathway. J. Cancer Res. Ther., 6, 521–529.

93. Zhang,Z., Li,S. and Cheng,S.Y. (2013) The miR-183 approximately
96 approximately 182 cluster promotes tumorigenesis in a mouse
model of medulloblastoma. J. Biomed. Res., 27, 486–494.

94. Bai,A.H., Milde,T., Remke,M., Rolli,C.G., Hielscher,T., Cho,Y.J.,
Kool,M., Northcott,P.A., Jugold,M., Bazhin,A.V. et al. (2012)
MicroRNA-182 promotes leptomeningeal spread of non-sonic
hedgehog-medulloblastoma. Acta Neuropathol. (Berl.), 123,
529–538.

95. Guo,H., Li,Q., Li,W., Zheng,T., Zhao,S. and Liu,Z. (2014) MiR-96
downregulates RECK to promote growth and motility of non-small
cell lung cancer cells. Mol. Cell. Biochem., 390, 155–160.

96. Ning,F.L., Wang,F., Li,M.L., Yu,Z.S., Hao,Y.Z. and Chen,S.S.
(2014) MicroRNA-182 modulates chemosensitivity of human
non-small cell lung cancer to cisplatin by targeting PDCD4. Diagn.
Pathol., 9, 143.

97. Wang,M., Wang,Y., Zang,W., Wang,H., Chu,H., Li,P., Li,M.,
Zhang,G. and Zhao,G. (2014) Downregulation of microRNA-182
inhibits cell growth and invasion by targeting programmed cell
death 4 in human lung adenocarcinoma cells. Tumour Biol., 35,
39–46.

98. Yang,W.B., Chen,P.H., Hsu,T.s., Fu,T.F., Su,W.C., Liaw,H.,
Chang,W.C. and Hung,J.J. (2014) Sp1-mediated microRNA-182
expression regulates lung cancer progression. Oncotarget, 5,
740–753.

99. Vosa,U., Vooder,T., Kolde,R., Vilo,J., Metspalu,A. and Annilo,T.
(2013) Meta-analysis of microRNA expression in lung cancer. Int.
J. Cancer, 132, 2884–2893.

100. Zhu,W., Liu,X., He,J., Chen,D., Hunag,Y. and Zhang,Y.K. (2011)
Overexpression of members of the microRNA-183 family is a risk
factor for lung cancer: a case control study. BMC Cancer, 11, 393.

101. Wang,G., Mao,W. and Zheng,S. (2008) MicroRNA-183 regulates
Ezrin expression in lung cancer cells. FEBS Lett., 582, 3663–3668.



7186 Nucleic Acids Research, 2015, Vol. 43, No. 15

102. Schaefer,A., Jung,M., Mollenkopf,H.J., Wagner,I., Stephan,C.,
Jentzmik,F., Miller,K., Lein,M., Kristiansen,G. and Jung,K. (2010)
Diagnostic and prognostic implications of microRNA profiling in
prostate carcinoma. Int. J. Cancer, 126, 1166–1176.

103. Hirata,H., Ueno,K., Shahryari,V., Deng,G., Tanaka,Y.,
Tabatabai,Z.L., Hinoda,Y. and Dahiya,R. (2013)
MicroRNA-182–5p promotes cell invasion and proliferation by
down regulating FOXF2, RECK and MTSS1 genes in human
prostate cancer. PLoS ONE, 8, e55502.

104. Ueno,K., Hirata,H., Shahryari,V., Deng,G., Tanaka,Y.,
Tabatabai,Z.L., Hinoda,Y. and Dahiya,R. (2013) microRNA-183 is
an oncogene targeting Dkk-3 and SMAD4 in prostate cancer. Br. J.
Cancer, 108, 1659–1667.

105. Lin,H., Dai,T., Xiong,H., Zhao,X., Chen,X., Yu,C., Li,J., Wang,X.
and Song,L. (2010) Unregulated miR-96 induces cell proliferation
in human breast cancer by downregulating transcriptional factor
FOXO3a. PLoS ONE, 5, e15797.

106. Lowery,A.J., Miller,N., Dwyer,R.M. and Kerin,M.J. (2010)
Dysregulated miR-183 inhibits migration in breast cancer cells.
BMC Cancer, 10, 502.

107. Hannafon,B.N., Sebastiani,P., de las Morenas,A., Lu,J. and
Rosenberg,C.L. (2011) Expression of microRNA and their gene
targets are dysregulated in preinvasive breast cancer. Breast Cancer
Res., 13, R24.

108. Guttilla,I.K. and White,B.A. (2009) Coordinate regulation of
FOXO1 by miR-27a, miR-96, and miR-182 in breast cancer cells. J.
Biol. Chem., 284, 23204–23216.

109. Wang,L., Zhu,M.J., Ren,A.M., Wu,H.F., Han,W.M., Tan,R.Y. and
Tu,R.Q. (2014) A ten-microRNA signature identified from a
genome-wide microRNA expression profiling in human epithelial
ovarian cancer. PLoS ONE, 9, e96472.

110. Lei,R., Tang,J., Zhuang,X., Deng,R., Li,G., Yu,J., Liang,Y.,
Xiao,J., Wang,H.Y., Yang,Q. et al. (2014) Suppression of MIM by
microRNA-182 activates RhoA and promotes breast cancer
metastasis. Oncogene, 33, 1287–1296.

111. Munagala,R., Aqil,F., Vadhanam,M.V. and Gupta,R.C. (2013)
MicroRNA ‘signature’ during estrogen-mediated mammary
carcinogenesis and its reversal by ellagic acid intervention. Cancer
Lett., 339, 175–184.

112. Xu,X., Ayub,B., Liu,Z., Serna,V.A., Qiang,W., Liu,Y.,
Hernando,E., Zabludoff,S., Kurita,T., Kong,B. et al. (2014)
Anti-miR182 reduces ovarian cancer burden, invasion, and
metastasis: an in vivo study in orthotopic xenografts of nude mice.
Mol. Cancer Ther., 13, 1729–1739.

113. Li,J., Liang,S., Jin,H., Xu,C., Ma,D. and Lu,X. (2012) Tiam1,
negatively regulated by miR-22, miR-183 and miR-31, is involved in
migration, invasion and viability of ovarian cancer cells. Oncol.
Rep., 27, 1835–1842.

114. Zhou,T., Zhang,G.J., Zhou,H., Xiao,H.X. and Li,Y. (2014)
Overexpression of microRNA-183 in human colorectal cancer and
its clinical significance. Eur. J. Gastroenterol. Hepatol., 26, 229–233.

115. Xu,X.M., Qian,J.C., Deng,Z.L., Cai,Z., Tang,T., Wang,P.,
Zhang,K.H. and Cai,J.P. (2012) Expression of miR-21, miR-31,
miR-96 and miR-135b is correlated with the clinical parameters of
colorectal cancer. Oncol. Lett., 4, 339–345.

116. Sarver,A.L., French,A.J., Borralho,P.M., Thayanithy,V.,
Oberg,A.L., Silverstein,K.A., Morlan,B.W., Riska,S.M.,
Boardman,L.A., Cunningham,J.M. et al. (2009) Human colon
cancer profiles show differential microRNA expression depending
on mismatch repair status and are characteristic of undifferentiated
proliferative states. BMC Cancer, 9, 401.

117. Pineau,P., Volinia,S., McJunkin,K., Marchio,A., Battiston,C.,
Terris,B., Mazzaferro,V., Lowe,S.W., Croce,C.M. and Dejean,A.
(2010) miR-221 overexpression contributes to liver tumorigenesis.
Proc. Natl. Acad. Sci. U.S.A., 107, 264–269.

118. Wang,J., Li,J., Shen,J., Wang,C., Yang,L. and Zhang,X. (2012)
MicroRNA-182 downregulates metastasis suppressor 1 and
contributes to metastasis of hepatocellular carcinoma. BMC
Cancer, 12, 227.

119. Liu,A.M., Yao,T.J., Wang,W., Wong,K.F., Lee,N.P., Fan,S.T.,
Poon,R.T., Gao,C. and Luk,J.M. (2012) Circulating miR-15b and
miR-130b in serum as potential markers for detecting hepatocellular
carcinoma: a retrospective cohort study. BMJ Open, 2, e000825.

120. Yang,M.H., Yu,J., Jiang,D.M., Li,W.L., Wang,S. and Ding,Y.Q.
(2014) microRNA-182 targets special AT-rich sequence-binding
protein 2 to promote colorectal cancer proliferation and metastasis.
J. Translat. Med. 12, 109.

121. Li,J., Fu,H., Xu,C., Tie,Y., Xing,R., Zhu,J., Qin,Y., Sun,Z. and
Zheng,X. (2010) miR-183 inhibits TGF-beta1-induced apoptosis by
downregulation of PDCD4 expression in human hepatocellular
carcinoma cells. BMC Cancer, 10, 354.

122. Amodeo,V., Bazan,V., Fanale,D., Insalaco,L., Caruso,S., Cicero,G.,
Bronte,G., Rolfo,C., Santini,D. and Russo,A. (2013) Effects of
anti-miR-182 on TSP-1 expression in human colon cancer cells:
there is a sense in antisense? Expert Opin. Ther. Targets, 17,
1249–1261.

123. Singh,P.K., Preus,L., Hu,Q., Yan,L., Long,M.D., Morrison,C.D.,
Nesline,M., Johnson,C.S., Koochekpour,S., Kohli,M. et al. (2014)
Serum microRNA expression patterns that predict early treatment
failure in prostate cancer patients. Oncotarget, 5, 824–840.

124. Kong,W.Q., Bai,R., Liu,T., Cai,C.L., Liu,M., Li,X. and Tang,H.
(2012) MicroRNA-182 targets cAMP-responsive element-binding
protein 1 and suppresses cell growth in human gastric
adenocarcinoma. FEBS J., 279, 1252–1260.

125. Tanaka,M., Suzuki,H.I., Shibahara,J., Kunita,A., Isagawa,T.,
Yoshimi,A., Kurokawa,M., Miyazono,K., Aburatani,H.,
Ishikawa,S. et al. (2014) EVI1 oncogene promotes KRAS pathway
through suppression of microRNA-96 in pancreatic carcinogenesis.
Oncogene, 33, 2454–2463.

126. Yu,S., Lu,Z., Liu,C., Meng,Y., Ma,Y., Zhao,W., Liu,J., Yu,J. and
Chen,J. (2010) miRNA-96 suppresses KRAS and functions as a
tumor suppressor gene in pancreatic cancer. Cancer Res., 70,
6015–6025.

127. Tang,X., Zheng,D., Hu,P., Zeng,Z., Li,M., Tucker,L., Monahan,R.,
Resnick,M.B., Liu,M. and Ramratnam,B. (2014) Glycogen
synthase kinase 3 beta inhibits microRNA-183–96–182 cluster via
the beta-Catenin/TCF/LEF-1 pathway in gastric cancer cells.
Nucleic Acids Res., 42, 2988–2998.

128. Yu,J., Li,A., Hong,S.M., Hruban,R.H. and Goggins,M. (2012)
MicroRNA alterations of pancreatic intraepithelial neoplasias.
Clin. Cancer Res., 18, 981–992.

129. Yan,D., Dong,X.D., Chen,X., Yao,S., Wang,L., Wang,J., Wang,C.,
Hu,D.N., Qu,J. and Tu,L. (2012) Role of microRNA-182 in
posterior uveal melanoma: regulation of tumor development
through MITF, BCL2 and cyclin D2. PLoS ONE, 7, e40967.

130. Wang,J., Wang,X., Li,Z., Liu,H. and Teng,Y. (2014)
MicroRNA-183 suppresses retinoblastoma cell growth, invasion
and migration by targeting LRP6. FEBS J., 281, 1355–1365.

131. Thériault,B.L., Dimaras,H., Gallie,B.L. and Corson,T.W. (2014)
The genomic landscape of retinoblastoma: a review. Clin.
Experiment. Ophthalmol., 42, 33–52.

132. Sachdeva,M., Mito,J.K., Lee,C.L., Zhang,M., Li,Z., Dodd,R.D.,
Cason,D., Luo,L., Ma,Y., Van Mater,D. et al. (2014)
MicroRNA-182 drives metastasis of primary sarcomas by targeting
multiple genes. J. Clin. Invest., 124, 4305–4319.

133. Zhao,H., Guo,M., Zhao,G., Ma,Q., Ma,B., Qiu,X. and Fan,Q.
(2012) miR-183 inhibits the metastasis of osteosarcoma via
downregulation of the expression of Ezrin in F5M2 cells. Int. J.
Mol. Med., 30, 1013–1020.

134. Mian,C., Pennelli,G., Fassan,M., Balistreri,M., Barollo,S.,
Cavedon,E., Galuppini,F., Pizzi,M., Vianello,F., Pelizzo,M.R. et al.
(2012) MicroRNA profiles in familial and sporadic medullary
thyroid carcinoma: preliminary relationships with RET status and
outcome. Thyroid, 22, 890–896.

135. Martinez,I., Gardiner,A.S, Board,K.F., Monzon,F.A.,
Edwards,R.P. and Khan,S.A. (2008) Human papillomavirus type 16
reduces the expression of microRNA-218 in cervical carcinoma
cells. Oncogene, 27, 2575–2582.

136. Lee,H., Choi,H.J., Kang,C.S., Lee,H.J., Lee,W.S. and Park,C.S.
(2012) Expression of miRNAs and PTEN in endometrial specimens
ranging from histologically normal to hyperplasia and endometrial
adenocarcinoma. Mod. Pathol., 25, 1508–1515.

137. Shi,X.Y., Gu,L., Chen,J., Guo,X.R. and Shi,Y.L. (2014)
Downregulation of miR-183 inhibits apoptosis and enhances the
invasive potential of endometrial stromal cells in endometriosis. Int.
J. Mol. Med., 33, 59–67.



Nucleic Acids Research, 2015, Vol. 43, No. 15 7187

138. Guo,Y., Liao,Y., Jia,C., Ren,J., Wang,J. and Li,T. (2013)
MicroRNA-182 promotes tumor cell growth by targeting
transcription elongation factor A-like 7 in endometrial carcinoma.
Cell. Physiol. Biochem., 32, 581–590.

139. Myatt,S.S., Wang,J., Monteiro,L.J., Christian,M., Ho,K.K.,
Fusi,L., Dina,R.E., Brosens,J.J., Ghaem-Maghami,S., Lam,E.W.F.
et al. (2010) Definition of microRNAs that repress expression of the
tumor suppressor gene FOXO1 in endometrial cancer. Cancer Res.,
70, 367–377.

140. Smoot,M.E., Ono,K., Ruscheinski,J., Wang,P.L. and Ideker,T.
(2011) Cytoscape 2.8: new features for data integration and network
visualization. Bioinformatics, 27, 431–432.

141. Bindea,G., Mlecnik,B., Hackl,H., Charoentong,P., Tosolini,M.,
Kirilovsky,A., Fridman,W.H., Pages,F., Trajanoski,Z. and Galon,J.
(2009) ClueGO: a Cytoscape plug-in to decipherfunctionally
grouped gene ontology and pathway annotation networks.
Bioinformatics, 25, 1091–1093.

142. Elmore,S. (2007) Apoptosis: a review of programmed cell death.
Toxicol. Pathol., 35, 495–516.

143. Kim,K.M., Park,S.J., Jung,S.H., Kim,E.J., Jogeswar,G., Ajita,J.,
Rhee,Y., Kim,C.H. and Lim,S.K. (2012) miR-182 is a negative
regulator of osteoblast proliferation, differentiation, and
skeletogenesis through targeting FoxO1. J. Bone Miner. Res., 27,
1669–1679.

144. Shi,X.Y., Gu,L., Chen,J., Guo,X.R. and Shi,Y.L. (2014)
Downregulation of miR-183 inhibits apoptosis and enhances the
invasive potential of endometrial stromal cells in endometriosis. Int.
J. Mol. Med., 33, 59–67.

145. Guo,Y., Liu,H., Zhang,H., Shang,C. and Song,Y. (2012) miR-96
regulates FOXO1-mediated cell apoptosis in bladder cancer. Oncol.
Lett., 4, 561–565.

146. Wang,Y.Q., Guo,R.D., Guo,R.M., Sheng,W. and Yin,L.R. (2013)
MicroRNA-182 promotes cell growth, invasion, and
chemoresistance by targeting programmed cell death 4 (PDCD4) in
human ovarian carcinomas. J. Cell. Biochem., 114, 1464–1473.

147. Fendler,A., Jung,M., Stephan,C., Erbersdobler,A., Jung,K. and
Yousef,G.M. (2013) The antiapoptotic function of miR-96 in
prostate cancer by inhibition of FOXO1. PLoS ONE, 8, e80807.

148. Liu,Y., Han,Y., Zhang,H., Nie,L., Jiang,Z., Fa,P., Gui,Y. and
Cai,Z. (2012) Synthetic miRNA-mowers targeting miR-183–96–182
cluster or miR-210 inhibit growth and migration and induce
apoptosis in bladder cancer cells. PLoS ONE, 7, e52280.

149. Sirotkin,A.V., Laukova,M., Ovcharenko,D., Brenaut,P. and
Mlyncek,M. (2010) Identification of microRNAs controlling
human ovarian cell proliferation and apoptosis. J. Cell. Physiol.,
223, 49–56.

150. Chang,C.J., Chao,C.H., Xia,W., Yang,J.Y., Xiong,Y., Li,C.W.,
Yu,W.H., Rehman,S.K., Hsu,J.L., Lee,H.H. et al. (2011) p53
regulates epithelial-mesenchymal transition and stem cell properties
through modulating miRNAs. Nat. Cell Biol., 13, 317–323.

151. Muller,P.A. and Vousden,K.H. (2014) Mutant p53 in cancer: new
functions and therapeutic opportunities. Cancer Cell, 25, 304–317.

152. Krishnan,K., Steptoe,A.L., Martin,H.C., Wani,S., Nones,K.,
Waddell,N., Mariasegaram,M., Simpson,P.T., Lakhani,S.R.,
Gabrielli,B. et al. (2013) MicroRNA-182–5p targets a network of
genes involved in DNA repair. RNA, 19, 230–242.

153. Moskwa,P., Buffa,F.M., Pan,Y., Panchakshari,R., Gottipati,P.,
Muschel,R.J., Beech,J., Kulshrestha,R., Abdelmohsen,K.,
Weinstock,D.M. et al. (2011) miR-182-mediated downregulation of
BRCA1 impacts DNA repair and sensitivity to PARP inhibitors.
Mol. Cell, 41, 210–220.

154. Wang,Y., Huang,J.W., Calses,P., Kemp,C.J. and Taniguchi,T. (2012)
MiR-96 downregulates REV1 and RAD51 to promote cellular
sensitivity to cisplatin and PARP inhibition. Cancer Res., 72,
4037–4046.

155. Roy,R., Chun,J. and Powell,S.N. (2011) BRCA1 and BRCA2:
different roles in a common pathway of genome protection. Nat.
Rev. Cancer, 12, 68–78.

156. Vohwinkel,C.U., Lecuona,E., Sun,H., Sommer,N., Vadasz,I.,
Chandel,N.S. and Sznajder,J.I. (2011) Elevated CO(2) levels cause
mitochondrial dysfunction and impair cell proliferation. J. Biol.
Chem., 286, 37067–37076.

157. Jeon,T.I., Esquejo,R.M., Roqueta-Rivera,M., Phelan,P.E.,
Moon,Y.A., Govindarajan,S.S., Esau,C.C. and Osborne,T.F. (2013)

An SREBP-responsive microRNA operon contributes to a
regulatory loop for intracellular lipid homeostasis. Cell Metab., 18,
51–61.

158. Griffiths,B., Lewis,C.A., Bensaad,K., Ros,S., Zhang,Q.,
Ferber,E.C., Konisti,S., Peck,B., Miess,H., East,P. et al. (2013)
Sterol regulatory element binding protein-dependent regulation of
lipid synthesis supports cell survival and tumor growth. Cancer
Metab., 1, 2049–3002.

159. Xiao,X. and Song,B.L. (2013) SREBP: a novel therapeutic target.
Acta Biochim. Biophys. Sin., 45, 2–10.

160. Esquejo,R.M., Jeon,T.I. and Osborne,T.F. (2014) Lipid-cell cycle
nexus: SREBP regulates microRNAs targeting Fbxw7. Cell Cycle,
13, 339–340.

161. Wang,L., Jia,X.J., Jiang,H.J., Du,Y., Yang,F., Si,S.Y. and Hong,B.
(2013) MicroRNAs 185, 96, and 223 repress selective high-density
lipoprotein cholesterol uptake through posttranscriptional
inhibition. Mol. Cell. Biol., 33, 1956–1964.

162. Xu,J. and Wong,C. (2008) A computational screen for mouse
signaling pathways targeted by microRNA clusters. RNA, 14,
1276–1283.

163. Donatelli,S.S., Zhou,J.M., Gilvary,D.L., Eksioglu,E.A., Chen,X.,
Cress,W.D., Haura,E.B., Schabath,M.B., Coppola,D., Wei,S. et al.
(2014) TGF-beta-inducible microRNA-183 silences
tumor-associated natural killer cells. Proc. Natl. Acad. Sci. U.S.A.,
111, 4203–4208.

164. Stittrich,A.B., Haftmann,C., Sgouroudis,E., Kuhl,A.A.,
Hegazy,A.N., Panse,I., Riedel,R., Flossdorf,M., Dong,J.,
Fuhrmann,F. et al. (2010) The microRNA miR-182 is induced by
IL-2 and promotes clonal expansion of activated helper T
lymphocytes. Nat. Immunol., 11, 1057–1062.

165. Kelada,S., Sethupathy,P., Okoye,I.S., Kistasis,E., Czieso,S.,
White,S.D., Chou,D., Martens,C., Ricklefs,S.M., Virtaneva,K.
et al. (2013) miR-182 and miR-10a are key regulators of Treg
specialisation and stability during Schistosome and
Leishmania-associated inflammation. PLoS Pathog., 9, e1003451.

166. Elcheva,I., Goswami,S., Noubissi,F.K. and Spiegelman,V.S. (2009)
CRD-BP protects the coding region of betaTrCP1 mRNA from
miR-183-mediated degradation. Mol. Cell, 35, 240–246.

167. Guinea-Viniegra,J., Zenz,R., Scheuch,H., Hnisz,D., Holcmann,M.,
Bakiri,L., Schonthaler,H.B., Sibilia,M. and Wagner,E.F. (2009)
TNFalpha shedding and epidermal inflammation are controlled by
Jun proteins. Genes Dev., 23, 2663–2674.

168. Lodrini,M., Oehme,I., Schroeder,C., Milde,T., Schier,M.C.,
Kopp-Schneider,A., Schulte,J.H., Fischer,M., De Preter,K.,
Pattyn,F. et al. (2013) MYCN and HDAC2 cooperate to repress
miR-183 signaling in neuroblastoma. Nucleic Acids Res., 41,
6018–6033.

169. Liu,W.-H. and Chang,L.-S. (2012) Suppression of
Akt/Foxp3-mediated miR-183 expression blocks Sp1-mediated
ADAM17 expression and TNF�-mediated NF�B activation in
piceatannol-treated human leukemia U937 cells. Biochem
Pharmacol., 84, 670–680.

170. Kent,W.J., Sugnet,C.W., Furey,T.S., Roskin,K.M., Pringle,T.H.,
Zahler,A.M. and Haussler,D. (2002) The human genome browser
at UCSC. Genome Res., 12, 996–1006.

171. Liu,S., Howell,P.M. and Riker,A.I. (2013) Up-regulation of
miR-182 expression after epigenetic modulation of human
melanoma cells. Ann. Surg. Oncol., 20, 1745–1752.

172. Jacobs,D.K., Nakanishi,N., Yuan,D., Camara,A., Nichols,S.A. and
Hartenstein,V. (2007) Evolution of sensory structures in basal
metazoa. Integr. Comp. Biol., 47, 712–723.

173. Dvornyk,V., Vinogradova,O. and Nevo,E. (2003) Origin and
evolution of circadian clock genes in prokaryotes. Proc. Natl. Acad.
Sci. U.S.A., 100, 2495–2500.

174. Chiang,C.H., Hou,M.F. and Hung,W.C. (2013) Up-regulation of
miR-182 by beta-catenin in breast cancer increases tumorigenicity
and invasiveness by targeting the matrix metalloproteinase inhibitor
RECK. Biochim. Biophys. Acta, 1830, 3067–3076.

175. Clevers,H. (2006) Wnt/beta-catenin signaling in development and
disease. Cell, 127, 469–480.

176. Kinney,M.A., Sargent,C.Y. and McDevitt,T.C. (2013) Temporal
modulation of beta-catenin signaling by multicellular aggregation
kinetics impacts embryonic stem cell cardiomyogenesis. Stem Cells
Dev., 22, 2665–2677.



7188 Nucleic Acids Research, 2015, Vol. 43, No. 15

177. Valenta,T., Hausmann,G. and Basler,K. (2012) The many faces and
functions of beta-catenin. EMBO J., 31, 2714–2736.

178. Francis,J.C., Thomsen,M.K., Taketo,M.M. and Swain,A. (2013)
Beta-catenin is required for prostate development and cooperates
with Pten loss to drive invasive carcinoma. PLoS Genet., 9, 3.

179. Yakulov,T., Raggioli,A., Franz,H. and Kemler,R. (2013)
Wnt3a-dependent and -independent protein interaction networks of
chromatin-bound beta-catenin in mouse embryonic stem cells. Mol.
Cell. Proteomics, 12, 1980–1994.

180. Zhang,Y., Andl,T., Yang,S.H., Teta,M., Liu,F., Seykora,J.T.,
Tobias,J.W., Piccolo,S., Schmidt-Ullrich,R., Nagy,A. et al. (2008)
Activation of beta-catenin signaling programs embryonic epidermis
to hair follicle fate. Development, 135, 2161–2172.

181. Liu,H., Du,L., Wen,Z., Yang,Y., Li,J., Wang,L., Zhang,X., Liu,Y.,
Dong,Z., Li,W. et al. (2013) Up-regulation of miR-182 expression

in colorectal cancer tissues and its prognostic value. Int. J.
Colorectal Dis., 28, 697–703.

182. Han,Y., Chen,J., Zhao,X., Liang,C., Wang,Y., Sun,L., Jiang,Z.,
Zhang,Z., Yang,R., Chen,J. et al. (2011) MicroRNA expression
signatures of bladder cancer revealed by deep sequencing. PLoS
ONE, 6, 0018286.

183. Wang,Y., Luo,H., Li,Y., Chen,T., Wu,S. and Yang,L. (2012)
hsa-miR-96 up-regulates MAP4K1 and IRS1 and may function as a
promising diagnostic marker in human bladder urothelial
carcinomas. Mol. Med. Rep., 5, 260–265.

184. Stenvold,H., Donnem,T., Andersen,S., Al-Saad,S., Busund,L.T.
and Bremnes,R.M. (2014) Stage and tissue-specific prognostic
impact of miR-182 in NSCLC. BMC Cancer, 14, 138.


