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Abstract

The discovery of microRNAs (miRNAS) represents one of the most significant advances in biological and medical sciences in the last
decade. Hundreds of miRNAs have been identified in plants, viruses, animals and human beings, and these tiny, non-coding RNA tran-
scripts have been found to play crucial roles in important biological processes involved in human health and disease. Recently, many
studies have demonstrated that miR-196 plays critical roles in normal development and in the pathogenesis of human disease processes
such as cancer. Several investigations have implemented cell culture and animal models to explore the potential molecular mechanisms
of miR-196. This review provides updated information about the structure of the miR-196 gene and the roles of miR-196 in develop-
ment, cancer and disease formation. Importantly, we discuss the possible molecular mechanisms whereby miR-196 regulates cellular
functions including targeting molecules and gene regulation pathways; potential clinical applications are addressed, as well as future
directions for investigation. miR-196a may prove to be a novel therapeutic target for several cancers.
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Introduction

The first two microRNAs (miRNAs) discovered, lin-4 and let-7
from Caenorhabditis elegans, were described in 1993 and 2000,
respectively. These two miRNAs, which are both 21 nucleotides
long, were found to be endogenous regulators of genes involved
in developmental timing [1, 2]. Since then, hundreds of miRNAs
have been identified in plants, animals, human beings and viruses
by molecular approaches and bioinformatics predictions; mean-
while, miRNAs have emerged as crucial players in regulating gene
expression in a variety of organisms [3-5]. miRNAs are a broad
class of small non-coding RNAs usually 21-25 nucleotides in
length that regulate gene expression at the post-transcriptional
level [6].

Most miRNAs are transcribed by RNA polymerase Il from indi-
vidual miRNA genes, from the introns of protein coding genes, or
from poly-cistronic transcripts that often encode multiple related
miRNAs [7]. These long primary transcripts, usually thousands of
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nucleotides, generate a stem-loop containing primary miRNA (pri-
miRNA). In animals, pri-miRNAs are transcribed from the chro-
mosome and then are cleaved into miRNA precursors (pre-
miRNAs) by a multiprotein complex made up of Drosha
Ribonuclease Il and DGCR8, a double-stranded RNA-binding pro-
tein [8-10]. Pre-miRNAs of about 60-70 nucleotides fold into an
imperfect stem-loop structure and are then transported to the
cytoplasm via an exportin-5 and Ran-GTP-dependent mechanism
[11]. Pre-miRNAs are next processed by another endonuclease
RNase Il enzyme Dicer into an imperfect dsRNA duplex made of
two complementary strands approximately 22 nucleotides in
length: miRNA and miRNA*. These represent the mature miRNA
strand and its complementary strand [8, 12]. The stem loop in
pre-miRNAs contributes to the strand selection; however, the
miRNA* can also be processed to its mature form and used in
gene regulation [13]. It was originally proposed that the double
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Fig. 1 Locations of human miR-196
genes. Information on human miR-196
genes was obtained from the Ensembl
Genome Browser (hppt://www.ensembl.
org). The miR-196a-1 gene is located in
the region between HOXB9 and HOXB13
on chromosome 17, miR-196a-2 in the
region between HOXC10 and HOXC9 on
chromosome 12, and miR-196b in the
region between HOXA9 and HOXA10
coding on chromosome 7.

HOXB13

stranded small mature RNAs could be separated by an ATP-
dependent helicase and the single-stranded form of the miRNA
then incorporated into the RISC (RNA-induced silencing complex)
[14, 15]. However, the current concept is that Argonaute family
proteins at the core of the RISC receive double stranded small
RNAs, and the selection of the RNA strand to be incorporated is
controlled by the thermodynamic profile of the small RNA duplex
termini [16-18]. Once incorporated, the miRNA-programmed
forms of RISC (miRISC) participate in post-transcriptional regula-
tion [19, 20]. As part of the RISC, the mature miRNA guides the
complex to its mRNA targets, with which it interacts using com-
plementary base-pairing. In animals, miRNAs typically target
sequences in the 3’ untranslated regions (3’UTRs) of mRNA that
are partially complementary to the miRNA, leading to repression
of protein synthesis [21]. If the complementary base-pairing inter-
action between the miRNA and target mRNA 3’UTRs happens to
be perfect or near-perfect, the target mRNA can be cleaved and
degraded.

More than 700 human miRNAs have been discovered, and it is
estimated that these miRNAs regulate approximately 30% of all
protein-coding genes [21]. miRNAs have been found to participate
in almost every cellular process investigated, including such
diverse biological functions and processes as development, differ-
entiation, metabolism, growth, proliferation and apoptosis; they
are currently the centre of attention in molecular and cell biology
research [1, 6]. Dysregulation of miRNAs is thought to contribute
to different human pathologies including cancer, heart and neu-
rodegenerative diseases [7, 22-25]. Recently, miRNA profiling
studies have indicated that miRNA-196 (miR-196) is overex-
pressed in several tumour tissue samples. In addition, increasing
numbers of reports indicate that miR-196 plays important roles in
development and immunity through targeting of specific genes. In
this review, we discuss the known functions and molecular mech-
anisms of miR-196 in normal development and the pathogenesis
of cancer. Further investigation of these newly discovered func-
tional roles of miR-196 may lead to potential clinical applications
of miR-196 in the management of several human diseases.

© 2011 The Author

Gene structure and regulation

The gene families for miR-10, miR-196 and miR-615 are located
in the regions of homeobox (HOX) clusters within the genome of
vertebrates [26]. HOX genes encode homeodomain-containing
transcription factors that are essential for embryonic develop-
ment [27]. In many species, they are organized in tightly linked
clusters along the chromosome. Activation and silencing of HOX
genes requires preservation of their native order within each clus-
ter, and the evolutionary patterns of both miR-10 and miR-196
closely resemble that of the HOX genes in vertebrates [28]. Three
miR-196 genes have been found. The miR-196a-1 gene is located
on chromosome 17 (17921.32) at a site between HOXB9 and
HOXB10 genes, and the miR-196a-2 gene is located at a region
between HOXC10 and HOXC9 on chromosome 12 (12q13.13)
(Fig. 1) [28]. The gene for miR-196b is located in a highly evolu-
tionarily conserved region between HOXA9 and HOXA10 genes,
on chromosome 7 (7p15.2) in human beings and chromosome 6
(6gB3) in mice (Table 1 and Fig. 1) [29]. miR-196a-1 and miR-
196a-2 genes transcribe the same functional mature miRNA
sequence (3'-GGGUUGUUGUACUUUGAUGGAU-5"), whereas
miR-196b gene produces a small RNA (3'-GGGUUGUUGUCCUU-
UGAUGGAU-5"), which differs from the sequence of miR-196a by
one nucleotide [28]. Many miRNAs are fairly well-conserved
among vertebrates; in fact, they are as conserved as the most
conservative phylogenetic footprints [30]. Although miRNAs are
very small in size, they carry a strong phylogenetic signal
[28, 31]. miR-196 homologues are detectable in a variety of
vertebrates.

High-mobility group A (HMGA) proteins are able to directly
bind to the miR-101b and miR-196a-2 upstream region and reg-
ulate the expression of these miRNAs. Several miRNAs such as
miR-196a-2, miR-101b, miR-331 and miR-29a are significantly
decreased in homozygous hmgal-knockout murine embryonic
fibroblasts in comparison with wild-type cells [32]. Chromatin
immunoprecipitation assay showed that HMGA1 can bind
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Table 1 miR-196 genes and mature sequences™

miRNA Gene Location

Mature Sequence

hsa-miR-196a-1
hsa-miR-196a-2
hsa-miR-196h

Chromosome 17 (17921.32)(44,064,851-44,064,920)
Chromosome 12 (12q13.13)(52,671,789-52,671,898)
Chromosome 7 (7p15.2)(27,175,624-27,175,708)

5’-UAGGUAGUUUCAUGUUGUUGGG-3’
5’-UAGGUAGUUUCAUGUUGUUGGG-3’
5’-UAGGUAGUUUCCUGUUGUUGGG-3’

*The mature sequences of the hsa-miR-196a-1, hsa-miR-196a-2 and hsa-miR-196b were acquired from the miRBase sequence database

(http://microrna.sanger.ac.uk).

miR-196a

Fig. 2 Predicted miR-196 target recog-
nition sites in the HOXB8 3’'UTR in
human beings and other species. The

HOXB8 3'UTR 5'...UC??A?F?T?TUCFW?ITIGCCUA...3'
fd 1] I
3-GGGUUGUUGUACUUUGAUGGAU-5’

HOXBS 3'UTR 5'...UCCCAACAACAUGAAACUGCCUA...3'

frifinn
miR-196b 3'-GGGUUGUUGUCCUUUGAUGGAU-5'

predicted miR-196 target recognition Species HOXBS8 3'UTR
sites in human beings and other e T T O N 7
species were obtained from the | Homa sapiens 5-CCCAACAACAUGAAACUGCCUAUUCACGCCGUAA-3'
TargetScanHuman 5.1 program | pap troglodytes 5-CCCAACAACAUGAAACUGCCUAUUCACGCCG-3'
(http://www.targetscan.org). Macaca mulatta 5-CCCAACAACAUGAAACUGCCUAUUCACGCCG-3'
Mus musculus 5'-CCCAACAACAUGAAACUGCCUAUUCACGCCG-3
Rattus norvegicus 5'-CCCAACAACAUGAAACUGCCUAUUCACGCCG-3'
Oryctolagus cuniculus 5-CCCAACAACAUGAAACUGCCUAUUCACGCCG-3
Canis familiaris 5'-CCCAACAACAUGAAACUGCCUAUUCACACCG-3'
Bos Taurus 5'-CCCAACAACAUGAAACUGCCUAUUCACGCCG-3'
Dasypus novemcinctus  5-CCCAACAACAUGAAACUGCCUAUUCACUCCG-3

regions upstream of these miRNAs. Also, a series of reporter
transgenes (‘sensors’) in mouse embryos have been created for
visualizing the tissue-specific expression of several miRNAs
during embryogenesis, including miR-10a and miR-196a, which
are both encoded by genes embedded in HOX clusters. It was
found that miR-196a was influenced by regulatory controls
imposed on the HOX clusters. However, the HOXB9 gene, located
immediately upstream of miR-196a-1, actually has more
restricted expression in the head and anterior truck of embryos
than miR-196; this suggests that miR-196 family members are
not regulated simply by control elements shared with the
nearest HOX genes [33]. Furthermore, miR-196a negatively
regulates target gene HOXBS8, indicating that its restricted
expression pattern probably reflects a role in the HOX complex
expression and function [33].

Target molecules

Identification of putative mRNA targets is important in order to
understand the specific functions of miRNAs. However, this can
be very challenging because miRNAs are usually imperfectly
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complementary to the 3’UTR region of their targets mRNAs. In
animals, the most consistent requirement for miRNA and target
mRNA interaction is a contiguous and perfect base pairing of
the 5'miRNA nucleotides 2 to 8, called the ‘seed’ region. In
many cases, the seed region seems to determine which targets
the miRNA will recognize. In other cases, additional determi-
nants are required. For example, a specific mRNA 3’UTR
sequence can have a reasonable complementarity to the 3’ half
of a miRNA which allows the interaction to be stabilized, while
mismatches are present in the central region of the miRNA-
mRNA [21]. However, it is possible that a single mRNA may be
regulated by multiple miRNAs, while a single miRNA may target
multiple transcripts within a cell type; this amplifies the scope
of putative miRNA regulation of gene expression. Thus, the par-
ticular cellular environment of a given miRNA will determine its
functions in a specific cell type [34]. A given miRNA such as
miR-196 may regulate different genes in different types of cells
or under different conditions. Regulation mechanisms control-
ling specific miRNA and mRNA interaction are currently under
active investigation.

Mammals have four HOX clusters (HOX A to D) containing a
total of 39 genes organized into 13 paralogous subgroups [35].
With the exception of a single G:U mismatch, pairing between
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miR-196a and the human HOXB8 3'UTR is perfect (Fig. 2). This
conserved, near-perfect pairing suggests that HOXB8 mRNA is
targeted by miR-196a for cleavage. Indeed, miR-196 is known to
direct the cleavage of HOXB8 mRNA in mouse embryos and also
regulates the expression of HOXC8, HOXD8 and HOXA7 by tran-
scriptional inhibition; however, the mechanisms are not fully
understood [28, 36]. The individual target sites of the HOXB8
mRNA 3’UTR are conserved across several vertebrate species
(Fig. 2). The short genomic distances between miR-196 and
miR-10 and their targets are remarkable; the target genes are
located in close proximity to these miRNAs [26, 37]. miR-10c is
encoded 25 kb from its target sites in HOXB3a and 48 kb from
those in HOXB1a, and a miR-196 paralogue is located only 18 kb
from HOXB8 and HOXC8 and 14 kb from HOXA7 [26]. In this
case, the miRNA may act in an auto-regulatory fashion on parts
of its original precursor [26]. Kawasaki and colleagues showed
that miR-196 inhibits HOXB8 expression within myeloid differen-
tiation of HL60 cells. Transfection with the vector-expressed
miR-196 repressed the expression of HOXB8 by cleaving the
mRNAs. Meanwhile, myeloid differentiation of HL60 cells was
enhanced [38]. Thus, the miRNAs appear to fine-tune the
expression of the HOX genes by regulating the HOX genes them-
selves and also by regulating the downstream targets of HOX
genes [39].

HMGA2 gene product was identified as a putative target of
miR-196a-2, suggesting that HMGA1 can down-regulate the
expression of HMGA family members through miR-196a because
HMGA1 could up-regulate miR-196a-2 expression [32]. Two
potential miR-196a target recognition sites are present at the
HMGA2 mRNA 3'UTR, and the nucleotide sequence at these sites
are conserved in several species (Fig. 3).

Luthra et al. reported annexin A1 is another target gene of miR-
196a [40]. Annexin A1, also known as lipocortin or p35, is a well-
characterized member of the calcium- and phospholipid-binding
protein family of annexins. A potential miR-196a target recogni-
tion site is present at the annexin A1 mRNA 3’UTR, and the con-
served sequence is observed in three species (Fig. 4). However,
the homology of miR-196 recognition sites on annexin A1 among
species is much lower than that of HOXB8 and HMGA2, described
above. It is not clear why this miR-196 target recognition
sequence is not conserved in more species. Also, further investi-
gation will be needed to confirm the specific interactions between
miR-196 and annexin A1 in different types of cells and under dif-
ferent conditions.

Several other genes have been predicted to be target molecules
of miR-196 [41], including S100 calcium-binding protein A9,
small proline-rich protein 2C, keratin 5, CLCA family member 2 (a
chloride channel regulator), cytochrome P450 (family 4, subfam-
ily B, polypeptide 1), keratin 4, LDOC1, leukotriene A4 hydrolase,
pleiotrophin, T-cell differentiation protein, tumour protein D52-like
1, visinin-like 1 and v-ETS erythroblastosis virus E26 oncogene
homologue (ERG) [42]. However, most of these target molecules
of miR-196 have not been confirmed with experimental
approaches. Table 2 shows several target genes of miR-196.

© 2011 The Author
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Role in development

miR-196 appears to play an important role in development. Its rela-
tionship to the HOX gene family, crucial for embryonic development,
is well-described. In Drosophila, there is a conserved or possibly
convergent interaction between the miR-196 homologue iab-4 and
the homeotic Ubx HOX gene [43]. Ronshaugen et al. analysed the
iab-4 locus, which produces the miR-iab-4-5p and miR-iab-4-3p
and found that miR-iab-4-5p could directly inhibit Ubx activity in
vivo. Ectopic expression of miR—iab-4-5p attenuated endogenous
Ubx protein accumulation and induced a classical homeotic mutant
phenotype: halteres transformed into wings [43]. In chicken, the
interaction between miR-196 and HOXB8 has been implicated in the
mechanism that abolishes the competence of mesoderm to
undergo limb induction by retinoic acid [37]. miR-196 may act at
the upstream of HOXB8 and Sonic hedgehog (Shh) in vivo in the
context of limb development, specifically in the hindlimb [37].

miR-196a, when overexpressed, is able to induce eye anom-
alies in Xenopus laevis. Endogenous miR-196a is expressed at the
posterior trunk during Xenopus development and its expression
level increases in later stages. Overexpression of miR-196a by
microinjection of synthetic mammalian miR-196a precursor into
Xenopus embryo during early development led to dose-dependent
eye anomalies and changes in the expression of several critical
genes [44].

HMGA are nuclear architectural factors that play critical roles in
a wide range of biological processes. Two variants of HMIGA pro-
teins, HMGA1 and HMGA2, have been identified, and both proteins
are encoded by two distinct genes and have three DNA binding
motifs called AT-hooks [45]. Both HMGA genes are highly
expressed during embryogenesis, and there is evidence that the
absence of HMGA 2 protein causes growth retardation in mice
[46, 47]. It is interesting that HMGAT1 is able to regulate miR-196
expression, whereas miR-19a can control HMGA2 mRNA transla-
tion, which may affect development.

Role in cancer

miRNAs can modulate critical cellular functions such as proliferation,
apoptosis and differentiation. Many miRNA profiling studies have
been performed in both normal and diseased tissues. Bloomston
et al. defined the expression pattern of miRNA precursors in
pancreatic cancer and compared it with those of normal pancreas
and chronic pancreatitis using microarray analysis; by looking
also at the pattern of miRNA expression with respect to long-term
(~24 months) survival, it was found that miRNA-196a levels are
inversely correlated with survival in pancreatic adenocarcinoma
patients [48]. It has been reported that an analysis of the expres-
sion of miR-196a along with miR-217 can be used to classify
benign and malignant pancreatic tissues in pancreatic fine-needle
aspirates [49]. Also, the plasma levels of miR-196a along with
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HMGA2 3'UTR (1) 5"...UCCCCAC UACUCAAUJTCIJLIJ."ﬁCiLfC. o 8

miR-196a 3-GGGUUGUUGUACUUUGAUGGAU-5'

HMGA2 3’UTR (1) 5'...UCCCCACUACUCAAUACUACCUC...3

[ TTTTT]
miR-196b  3-GGGUUGUUGUCCUUUGAUGGAU-5’

Species HMGA2 3’UTR (1)
1240........ccuvuenene. 1250....cccuevvveneen 1260.......cccreeennn 1270...ccceciiennnn 1280
Homo sapiens 5-AU—CCCCACUACUCAAUACUACCUCUGAAUGUUACAACGAAU-3
Pan troglodytes 5-AU—CCCCACUACUCAAUACUACCUCUGAAUGUUACAACGAAL-3
Macaca mulatta 5'-AU—CCCCACUACUCAAUACUACCUCUGAAUGUUACAAUGAAU-3
Mus musculus 5'-AU—CCCCACUCCUCAAUACUACCUCUGAAUGCUACAGUGAAU-3
Rattus norvegicus 5-AC—CCUCACUACUCAAUACUACCUCUGAAUGCUACCGUGAAU-3
Cavia porcellus 5-AU—UCCCACUACUCAAUACUACCUCUGAAUGUUACAAUGAAU-Z
Oryctolagus cuniculus 5-AU—CCCCACUACUCAAUACUACCUCUGAAUGUUACAAUGAAU-3
Sorex araneus 5-AU—CCCCACUACUCAAUACUACCUCUGAAUGUUACAAUUAAU-Z
Erinaceus europaeus 5'-AU—CCCCACUACUCAAUACUACCUCUGAAUGUUACAAUUAAL-3
Canis familiaris 5'-AU—CCCCACUACUCAAUACUACCUCUGAAUGUUACAAUUAALU-3

HMGA2 3'UTR (2) 5’._.CAAUCAAAACACACU;Tt‘thpi(*T(*TlJ'C._.3'
miR-196a 3-GGGUUGUUGUACUUUGAUGGAU-5'

HMGA2 3'UTR (2) 5'...CAAUCAAAACACACU.T(?L|.'F|\{.|ZCI‘LIJC...3’
miR-196b  3-GGGUUGUUGUCCUUUGAUGGAU-5'

Species HMGAZ 3’'UTR (2)
/) || R 2520 2530................. 2540.................
Homo sapiens 5-AAAACACACUACUACCUCUUAAGUCCCAGUAUACCUCA-3
Pan troglodytes 5-AAAACACACUACUACCUCUUAAGUCCCAGUAUACCUCA-3
Macaca mulatta 5-AAAACACACUACUACCUCUUAAGUCCCAGUAUACCUCA-3
Mus musculus 5-AAAACACACUACUACCUCUUAAGUCCCAGUAUACCUCA-3
Rattus norvegicus 5-AAAACACACUACUACCUCUUAAGUCCCAGUAUACCUCA-3
Cavia porcellus 5-AAAACACACUACUACCUCUUAAGUCCCAGUAUACCUCA-3
Oryctolagus cuniculus 5-AAAACACACUACUACCUCUUAAGUCCCAGUAUACCUCA-3
Sorex araneus 5-AAAACACACUACUACCUCUUAAGCCCCAGAAUACCUCA-3
Erinaceus europaeus 5'-AAAACACACUGCUACCUCUUAAGCCCCAGUAUACCUCA-3'
Canis familiaris 5-AAAACACACUACUACCUCUUACGCCCCAGUAUACCUCA-3

Fig. 3 Predicted miR-196 target recognition sites in the HMGA2 3’UTR in human beings and other species.

other miRNAs including miR-21, miR-210 and miR-155 have been Up-regulation of miR-196a has also been found in breast can-
found to be significantly higher in patients with pancreatic adeno-  cer. Likewise, we recently reported that the expression of miR-
carcinoma than healthy controls [50]. Thus, miR-196a may repre-  196a was significantly up-regulated by real time PCR analysis in
sent an important factor in the pathogenesis of pancreatic cancer  the majority of pancreatic cancer tissues (70%) and cell lines
and may prove useful in the diagnosis, prognosis and/or treatment ~ (100%) compared normal pancreatic tissues and cells [51]. Hui
of this devastating disease. et al. performed miRNA expression analysis by using Tagman low
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Annexin A1 3'UTR

Annexin A1 3'UTR

5. AGGAUUACAGUGUAGCUACCUAC...3

miR-196a 3'-GGGUUGUUGUACUUUGAUGGAU-3'

5'.. AGGAUUACAGUGUAGCUACCUAC..3'
miR-196b 3'-GGGUUGUUGUCCUUUGAUGGAU-5

Fig. 4 Predicted miR-196 target recog-
nition sites in the annexin A1 3’UTR in
human beings and other species.

NARRAN

Species Annexin A1

B0....ccoinivrinens 100.....
Homo sapiens
Pan troglodytes
Macaca mulatta

5-AGGAUUACAGUGUAGCUACCUACAUGCU-3'
5-AGGAUUACAGUGUAGCUACCUACAUGCU-3'
5-AGGAUUACAGUGUAGCUACCUAUAUGCU-3'

Table 2 Experimentally verified target genes regulated by miR-196

Gene Gen Name Function Verification Reference
HOXB8 Homeobox protein Hox-B8 Transcription factor mRNA 36, 71
HOXC8 Homeobox protein Hox-C8 Transcription factor mRNA, protein 36, 71,74
HOXD8 Homeobox protein Hox-D8 Transcription factor mRNA 36, 71
HOXA7 Homeobox protein Hox-A7 Transcription factor mRNA 36, 71
HOXB7 Homeobox protein Hox-B7 Transcription factor mRNA 36, 71
ERG v-ETS erythroblastosis virus Oncogenic ETS transcription factor mRNA 42
E26 oncogene homologue

HMGA2 HMGA2 Nuclear architectural factor mRNA, protein 32
ANXA1 Annexin A1 Apoptosis mRNA, protein 40
S100A9 $100 calcium-binding protein A9 Calcium binding mRNA 4
SPRR2C Small proline-rich protein 2C Crosslinker of epidermal differentiation complexes mRNA 41

KRTS Keratin 5 Structural cytokeratin protein mRNA 41

density arrays with quantitative real-time PCR confirmation in
40 archival formalin-fixed paraffin-embedded breast lumpectomy
specimens, and found that a panel of miRNAs was consistently
dysregulated in breast cancer compared with normal breast
samples; this included up-regulation of previously reported breast
cancer-related miRNAs such as miR-21, miR-155, miR-191
and miR-196a as well as down-regulation of miR-125b and miR-
221 [52]. The quality of these data validate conducting global
miRNAs profiling using FFPE samples, thereby offering enormous
opportunities to evaluate such materials linked to clinical data-
bases in order to rapidly acquire insight into the pathogenic roles
of miRNAs.

In leukaemia, levels of miR-10a, miR-10b and miR-196a-1
showed a clear correlation with HOX gene expression in 30 cases
of primary adult acute myeloid leukaemia (AML) with normal kary-
otype, according to quantitative real-time PCR assay. In addition
to the HOX genes, nearly 30% of the genes with a high correlation
with miR-10a, miR-10b and miR-196a-1 have been shown to have

© 2011 The Author

oncogenic potential [53-55]. By quantifying expression of 19
selected miRNA genes, Schotte et al. found that the expression of
miR-196b was 500-fold higher in myeloid/lymphoid or mixed
lineage leukaemia (MLL)-rearranged cases and 800-fold higher in
5/15 T-lineage acute lymphoblastic leukaemia (T-ALL) cases com-
pared with expression levels in precursor B cell acute lymphoblas-
tic leukaemia (B-ALL) cases [56]. These data indicate that the
expression profiles of these miRNA are ALL subtype-specific
rather than linked to the differentiation status associated with
these subtypes.

Popovic et al. showed that the MLL gene normally regulates
expression of miR-196b in a pattern similar to that of the sur-
rounding 5" HOX genes, HOXA9 and HOXA10, during stem cell
differentiation [29]. Again, overexpression of miR-196b was found
specifically in patients with MLL-associated leukaemia based on
analysis of 55 primary leukaemia samples; these demonstrated
increased proliferative capacity and survival, as well as a partial
block in differentiation in bone marrow progenitor cells.
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Meanwhile, leukemogenic MLL fusion proteins cause over
expression of miR-196b, which may be necessary for MLL
fusion-mediated immortalization. A recent report demonstrated
that miR-196b expression is significantly more up-regulated in
AML than ALL and that, again, miR-196b up-regulation is nega-
tively associated with overall survival of AML patients [57]. In
addition to the miR-196b deregulation observed in leukaemia,
miR-196b has been reported to induce changes in myeloid devel-
opment, and the co-expression of miR-196b and miR-21
reportedly block granulocyte colony-stimulating factor-induced
granulopoiesis completely [58].

Highly elevated levels of miR-196a have also been detected in
oesophageal adenocarcinoma, based on analysis of microdis-
sected paraffin-embedded tissues from 11 patients [41]. This
study found that miR-196a may have growth-promoting and
anti-apoptotic functions; further, it may be considered a marker of
progression from Barrett’s oesophagus to low-grade dysplasia,
high-grade dysplasia and oesophageal adenocarcinoma. miR-
196a levels were inversely correlated with the predicted target
keratin 5, small proline-rich protein 2C and S100 calcium-binding
protein A9 mRNA levels in oesophageal adenocarcinoma.

The expression of HMIGA proteins is usually low or absent in
most of normal adult tissues; however, overexpression of HMGA
proteins has been observed in several human malignancies and
has been found to correlate with occurrence of metastasis and
poor prognosis. Moreover, transgenic mice overexpressing either
HMGA1 or HMGA2 develop lymphoma and pituitary adenomas,
which strongly suggest oncogenic property of these proteins
[59-62]. It could promote tumour progression if HMWGA1 domi-
nantly up-regulates miR-196 expression; however, if miR-196
significantly inhibits HMGA2 protein synthesis, it could inhibit
tumour progression. Thus, ultimate impact of miR-196 on the
tumour pathogenesis will be dependent on the balance of regula-
tion of miR-196 expression and miR-196 targeting molecules
(oncogenes or tumour suppression genes) in specific cells. These
regulation mechanisms of miR-196 expression and functions are
largely unknown and warrant further investigation.

Increased levels of miR-196a have also been found in 12
cancer cell lines of oesophageal, breast and endometrial origin
and 10 oesophageal adenocarcinomas; furthermore, levels of
miR-196a have been demonstrated to have a significant inverse
correlation with annexin A1 mRNA levels in these cancers [40].
Annexin A1 has been postulated to act as tumour suppressor in
different cancers such as prostate, breast, oesophageal and B-cell
non-Hodgkin’s lymphoma [63-67]. As annexin A1 could be a tar-
get molecule of miR-196a, increased miR-196a may mediate
down-regulation of annexin A1, contributing to tumorigenesis.
However, overexpression of annexin A1 has been reported in pan-
creatic, hepatic and stomach cancers, suggesting that the func-
tional role of annexin A1 may be tissue- and cell type-specific
[68-70]. Of note, the majority of pancreatic cancer tissues and cell
lines demonstrate a high expression level of miR-196a [49]. The
relationship and functional interactions of miR-196a and annexin
A1 warrant further investigation.
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miR-196a may also have pro-oncogenic functions in colorec-
tal cancer. The miR-196a expression profile in colorectal cancer,
mucosal samples and diverse cancer cell lines has been quanti-
fied by RT-PCR, and miR-196b has been found to be up-regulated
in colonic cancer. High levels of miR-196a were observed to
activate the Akt signalling pathway; promote cancer cell detach-
ment, migration, invasion and chemosensitivity; and increase the
development of lung metastases in mice after tail vein injection
[71,72].

Although most studies on miR-196 suggest its oncogenic
function in cancer, it is important to point out that miR-196 may
play a tumour suppressive role as well. For example, strongly
reduced expression of miR-196a was observed in melanoma cells
when compared to healthy control melanocytes, and the low miR-
196a expression in melanoma cells led to high HOXB7 gene
expression, which subsequently raised ETS-1 and BMP4 activity
and thereby enhanced migratory potential of these melanoma cells
[73]. Moreover, a recent report by Li et al. showed that enforced
expression of miR-196a or miR-196b reduced in vitro invasion
and in vivo spontaneous metastasis of breast cancer cells, indicat-
ing that the members of miR-196 family are potent metastasis
suppressors [74]. The mechanisms of action of miR-196 in differ-
ent cancer types are largely unknown. It may depend on the mol-
ecules that miR-196 targets. If miR-196 has a dominant effect on
the inhibition of oncogenic molecules, miR-196 will play a tumour
suppressor function; although if miR-196 mainly targets tumour
suppressors, miR-196 will demonstrate oncogenic effects.

miRNAs are likely important players in the pathogenesis of
cancer, and dysregulation of miRNA expression in cancer is an
important field of investigation. Both genetic and epigenetic alter-
ations may affect miRNA biogenesis and activity [75, 76]. For
example, one single-nucleotide polymorphism (SNP) of miR-
196a-2 (rs11614913) has been associated with survival in
Chinese individuals with lung cancer; those patients with the CC
genotype had reduced survival. This particular SNP affects the
binding efficiency of miR-196a-2 to its target mRNA [77, 78]. The
presence of the CC genotype also correlated with increased sus-
ceptibility to lung cancer in the same patient population [78].
Consistently, this variant is also associated with increased gastric
cancer risk in Chinese patients [79]. In two separate studies, the
TT genotype of this SNP was found to be associated with
decreased risk of breast cancer in a Chinese population, whereas
the CC genotype again was associated with an increased risk of
breast cancer in Chinese patients [80, 81]. Meanwhile, the oppo-
site relationship has been described in glioma, where the CC geno-
type was associated with a decreased risk [82]. This discrepancy
highlights the need for further investigation of this SNP in differ-
ent tissues, tumours and patient populations. Of note, the major
allele in the Caucasian population is the C allele, whereas in the
Chinese population, the major allele is T. So, interestingly, the
‘variant’ homozygote CC genotype as described in Chinese popu-
lation studies is actually the dominant genotype in Caucasians;
this exemplifies the limitations of attributing the terms ‘wild-type’
and ‘variant’ to the alleles when describing SNPs.

© 2011 The Author

Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



Other biological functions

MiRNA-196 appears to have several important cellular functions in
addition to development and malignancy. Endometriosis is a
gynaecological disorder in females in which endometrial-like cells
grow in areas outside the uterine cavity. A miRNA expression
study identified miR-196b as one of 8 down-regulated miRNA in
ectopic endometrial tissues as compared to paired eutopic tissues
[83]. miR-196 may also play a role in the pathogenesis of severe
congenital neutropenia (SCN), a rare haematological disorder
characterized by an abnormally low number of neutrophils.
Mutations in several genes, including growth factor independent
protein 1 (Gfi1), have been reported to be responsible for SCN.
Gfi1 is a transcriptional repressor that is required for normal
myelopoiesis, and Gfi1 loss-of-function mutations are found in
some patients with SCN. It has been shown that miR-196b is neg-
atively regulated by Gfi1; its expression is up-regulated in Gfi1 -
mice and Gfi1N382S SCN patients. Thus, up-regulation of miR-
196 may mediate some of the effects of this disease [83].

miR-196 also has biological functions involving immunology,
inflammation and virus defence. Indeed, CD56™ T cells may be able
to up-regulate the expression of miR-196a, which shows anti-hepa-
titis C virus (HCV) properties [84, 85]. Furthermore, antiviral cytokine
interferon B can induce numerous cellular miRNAs, including miR-
196, which have sequence-predicted targets within HCV genomic
RNA [84]. Overexpression of these miRNAs in infected liver cells
leads to a marked attenuation of viral replication, demonstrating the
importance of miRNAs in anti-viral immunity [86]. Since viruses also
play a role in the pathogenesis of several tumour types, miRNAs may
mediate viral-host interactions that have important implications not
only for infectious diseases but also for cancer pathogenesis.

A recent study revealed that miR-196a plays an important role
in mesenchymal stem cell differentiation. Specifically, overexpres-
sion of miR-196a inhibited the proliferation of human adipose tis-
sue-derived mesenchymal stem cells while enhancing osteogenic
differentiation [87]. Finally, miR-196a may prove useful with
respect to storage of blood. miR-196a, along with three other
miRNAs, displayed an increased expression in red blood cells up
to day 20 after blood collection, after which expression subse-
quently decreased [88]. Thus, miRNAs may be potentially useful
markers to predict storage-related lesions during blood storage.
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Summary and perspectives

miR-196 (miR-196a-1, miR-196a-2 and miR-196b) is transcribed
from three different genes. Although the mature nucleotide
sequence is identical for miR-196a-1 and miR-196a-2, mature
miR-196b differs from miR-196a by one nucleotide. The expres-
sion levels of miR-196 appear to be strictly controlled under phys-
iologic conditions, whereas dysregulation of miR-196 can be
observed in many disease conditions. miR-196 may play critical
roles in normal development and cancer pathogenesis by target-
ing several regulation molecules including HOXB8, HMGA2 and
annexin A1. Meanwhile, it may also play roles in viral immunity
and the cell differentiation processes that, when dysregulated,
lead to endometriosis and SCN. However, the detailed functions
and molecular mechanisms whereby miR-196 contributes to the
pathophysiology of these diseases remain largely unknown. For
example, it is not completely understood how miR-196a is regu-
lated; how miR-196a controls cell proliferation or differentiation;
and how miR-196a differentially recognizes its target molecules in
a cell- or tissue-specific fashion. Addressing these critical ques-
tions will help to establish potential clinical applications of miR-
196-directed technology in the diagnosis, treatment, and/or prog-
nosis of development defects, viral infections and different types
of human cancers.
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